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Instructions To Authors 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
to make sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “laboratory slang’”’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The formsof spelling and abbreviations used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations’ on pages 5and6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.”’ 

Separate sheets should be used for the following: (a) title, (6) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) “‘Experimental 
Procedure’’ (or ‘“‘Methods’’), (c) “Results,” (d) ‘“‘Discussion,”’ (e) 
“‘Summary,’’ (f) ‘‘References.’’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘“unpub- 
lished experiments,’’ ‘‘personal communications,’ etc., must be 
made in footnotes, and not included inthe References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words ‘‘in press.”’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8} x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 
inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Generally, 


figures should be designed with the vertical height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 3} inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 33-inch width. Ocea- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con- 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter. 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orin the legend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, @, 0,8, A, A, ©). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of “top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Preliminary Communications 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to two 
full page in the present format of the Journal. This is approxi- 
mately 2000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 
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Instructions to Authors 


The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 
four short papers which, in the aggregate, require more time to 
read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 
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tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a “note added in proof’’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 

428 E. Preston Street 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; ¢.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 


ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.” Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl 
(CH,OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid” or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,” may 
be used; as also “folate-H,” for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH,OH-folate-Hy.” 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), 
DPNH 
TPN, TPNH 


diphosphopyridine nucleotide and its 
reduced form 

triphosphopyridine nucleotide and its 
reduced form 
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FAD, FADH, flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 


CoA, acyl-CoA coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 

the 5’-phosphates of ribosyl adenine, 
guanine, hypoxanthine, uracil, cy- 
tosine 


the 2’-, 3’-, (and 5’-, where needed for 


AMP, GMP, 
UMP, CMP 


IMP, 


2’-AMP, 3’-AMP (5’- 


AMP), etc. contrast) phosphates of the nucleo- 
sides 
ADP, ete. the 5/(pyro-)diphosphates of adeno- 
sine, etc. 
ATP, etc. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 


deoxy-AMP(dAMP, the 5’-phosphates of 2’-deoxyribosyl 


dGMP, dIMP, adenine, etc. 
dUMP, dCMP, 
dTMP) 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 
UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. etc. 
Fi, eet inorganic orthophosphate and pyrophos- 
phate 
Tris tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu,Ileu glycyl, alanyl, valyl, leucyl, isoleucyl, 
Pro, Phe, CySH, CyS, prolyl, phenylalanyl, cysteinyl, half- 


Met, Try cystyl, methionyl, tryptophany] 
Arg, His, Lys arginyl, histidyl, lysyl 
Asp, Glu, aspartyl, glutamyl, 
Glu-NH; Asp-NH, glutaminyl, asparaginyl 
Ser, Thr, Tyr, seryl, threonyl, tyrosyl, 


Hypro, Hylys hydroxyprolyl, hydroxylysyl 


These symbols should be separated from each other by periods 


(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown ge. 
quence may be enclosed in parentheses and separated by commas, 
These abbreviations should be used only for amino acid residues 
in peptide linkage, never for the free anrino acids, the names of 
which should be written out in full. 

(6) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem, 
Eng. News, 31, 1776 (1953)): 


Gf, Fru, Gal, Rib, deoxy- glucose, fructose, galactose, ribose, 
Rib (dRib), etc. deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used, 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosemine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine,f etc.): 


pApG 5’-O-phosphoryl-adenylyl- (3’-5’) -guan- 
osine, or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

ApGp adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

ApG-cyclic-p adenylyl-(3’-5’)-guanosine 2’, 3’-phos- 
phate 


for polydeoxyribonucleotides: 

d-pApGpT 5’-O-phosphoryl-deoxyadenyly1-(3’-5’)- 
deoxyguanylyl- (3/-5’)-deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


¢ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 





The Journal of Biological Chemistry, founded in 1905, is designed 
for the prompt publication of original investigations of a chem- 
ical nature in the biological sciences. 

All manuscripts should be addressed to Dr. John T. Edsall, 
Editor, The Journal of Biological Chemistry, 10 Divinity Avenue, 
Harvard University, Cambridge 38, Massachusetts. 
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UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram g 
milligram mg 
microgram pg (not +) 
millimole mmole (not mm) 
micromole pmole (not um) 
Units of Concentration 
molar (mole/liter) M 
millimolar mM 
micromolar uM 
Units of Length, Area, Volume, etc. 
meter m 
centimeter cm 
millimicron my 
Angstrom (10-* cm) A 
square centimeter cm? 
cubic centimeter cc, or cm? 
milliliter ml 
microliter pl (not r ) 
sedimentation coefficient 8 
sedimentation coefficient in water at 20°, 
extrapolated to zero concentration 829, w 
Svedberg unit of sedimentation coeffi- 
cient (10 sec) SS) 
diffusion coefficient (usually given in 
cm?/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
l, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logw T = amCb = eCb = a,cb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb- 
ancy index Gdentical with e, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency specified, the 
exact value of this index will be somewhat ambiguous unless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. 8. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. 8. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 

Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mg++ + ATP*—= 
MgATP*-, the association constant is: K = (MgATP*-)/(Mgt*) 
(ATP*); (in units of um). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec™ (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in m™ sec™}. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 
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The polysaccharide isolated by Meyer et al. (2-5) from skin, 
tendon, heart valves, and aorta, and called chondroitin sulfate 
B, was shown (6) to be identical to 6-heparin, a polysaccharide 
isolated from beef lungs by Marbet and Winterstein (7). The 
same material also obtained from skin by Aizawa (8) was called 
dermoitin sulfate. In the present publication, it will be re- 
ferred to as dermatan sulfate according to its first source of 
isolation and in agreement with the rules of nomenclature for 
polysaccharides.! 

The presence of iduronic acid as a constituent of a natural 
polysaccharide, namely dermatan sulfate, was first reported by 
Hoffman et al. (9). This finding was further confirmed by Cifo- 
nelli et al. (10) and by Satake and Masamune (11, 12). How- 
ever, the evidence presented by these authors was based on 
paper chromatographic comparison and, consequently, the 
uronic acid of dermatan sulfate could not be classified in the 
D- or L-series. 

Moreover, the possibility was not completely excluded that 
this acid could be either the unknown altruronic or taluronic 
acid because the anhydrosugar and the glycitol obtained by 
reduction (10) were not compared to the derivatives of altrose 
and talose. Conformational analysis predicts the easy forma- 
tion of 1,6-anhydro derivatives from these two hexoses and, 
indeed, 1 ,6-anhydro-p-altrose has been obtained readily (13). 

Studies of the chemical structure of dermatan sulfate by the 
methylation procedure have elucidated the positions of the 
uronosyl residue and of the sulfate group in the galactosamine 
moiety (1, 14). In order to determine in turn the position of 
the galactosaminidic linkage in the uronic acid moiety by the 
same procedure requiring comparison with synthetic derivatives, 
it was necessary to establish first the configuration of the main 


* This is publication XXII of the series Aminosugars, and No. 
277 of the Robert W. Lovett Memorial Unit for the Study of Crip- 
pling Disease, Harvard Medical School, at the Massachusetts 
General Hospital. This investigation was supported by grants 
of the American Heart Association and by the National Institute 
of Arthritis and Metabolic Diseases, National Institutes of 
Health, United States Public Health Service (Grant A-148 C5). 

+ A preliminary report was presented at the meeting of the 
American Society of Biological Chemists, Atlantic City, New 
Jersey, April 1958 (1). 

t This work was done during the tenure of an Advanced Re- 
search Fellowship of the American Heart Association. 

, § Special Investigator of the Arthritis and Rheumatism Foun- 
ation. 

' This proposal had the approval of the Subcommittee of No- 
menclature of Polysaccharides of the American Chemical Society. 
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uronic acid component of dermatan sulfate by a complete chemi- 
cal identification. This paper describes the isolation from 
dermatan sulfate of crystalline 2,3 ,4-tri-O-acetyl-1 ,6-anhydro- 
8-L-idopyranose which was identified by comparison with the 
synthetic compound. 
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NHCOCH, OH NHCOCH3 
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OAc O-C(CHs)p OH 
2,3,4-TRI-O-ACETYL-  1,2-0-ISOPROPYLIDENE - 0-GLUCOSE 


1, 6-ANHYDRO-4-L- 
IDOPYRANOSE 
Fic. 1. Summary of the reactions leading to the isolation of 
crystalline 2,3,4-tri-O-acetyl-1,6-anhydro-8-L-idopyranose from 
dermatan sulfate and its synthesis from p-glucose. The location 
of the galactosaminidic linkage is not definitely established. 


L-IDOFURANOSE 


EXPERIMENTAL PROCEDURE 


Material and Methods—The starting material for this investi- 
gation was the dermatan sulfate (8-heparin lot No. Rol-2232/ 
715) described by Marbet and Winterstein (7) and kindly sup- 
plied by Dr. A. Winterstein, Hoffmann-La Roche, Basel. It 
was used without further purification. 

Uronic acid determinations were made by the Fishman color- 
imetric method (15) with naphthoresorcinol, and by the Tracey 
procedure (16), based on the evolution of CO: by acid hydroly- 
sis. Methoxyl, nitrogen (Dumas and Kjeldahl), and sulfur were 
determined by Dr. K. Ritter and Dr. M. Manser, Zurich, Swit- 
zerland. 
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Melting points were taken on a hot stage, equipped with a 
microscope, and correspond to “corrected melting point.” Ro- 
tations were determined in semimicro or micro (for amounts 
smaller than 3 mg) tubes with lengths of 100 or 200 mm, with 
a Rudolph Photoelectric Polarimeter Attachment, model No. 
200; the chloroform used was analytical reagent grade and con- 
tained approximately 0.75% of ethanol. Chromatograms were 
made with the flowing method on silicic acid; “Silica Gel Davi- 
son,” from the Davison Company, (Grade 950; 60-200 mesh) 
was used without pretreatment. When deactivation by con- 
tact with moist air occurred, reactivation was obtained by heat- 
ing to 170-200° (manufacturer’s instructions). The sequence 
of eluant was hexane, benzene or chloroform, ether, ethyl ace- 
tate, acetone, and methanol, individually or in binary mixtures. 
The proportion of weight of substance to be adsorbed to weight 
of adsorbent ranged from 1:50 to 1:100; the proportion of 
weight of substance in grams to volume of fraction of eluant in 
milliliters was 1:100. The ratio of diameter to length of the 
column was 1:20. Evaporations were carried out under re- 
duced pressure, with an outside bath temperature kept below 
45°. Amounts of volatile solvent smaller than 20 ml were 
evaporated by blowing dry nitrogen. 

Desulfation of Dermatan Sulfate—Portions of 5 g of dermatan 
sulfate dried under vacuum at 100° for 24 hours were shaken 
for 1 day at room temperature with 600 ml of methanol to which 
3 ml of acetyl chloride had been added (17). After the pre- 
cipitate had settled, the clear supernatant solution was siphoned 
off and the insoluble material was treated twice more in a simi- 
lar way. The last residue was dissolved in about 100 ml of 1% 
aqueous sodium acetate. The solution was dialyzed against 
distilled water and lyophilized affording 2.9 g (75%) of material 
[a]? —36° (c = 1.04, water). 


CisH2,011N 
Calculated: OCH; 7.82, N 3.56, S 0.0 


Found: OCH; 7.09, N 3.27, § 0.79 


Uronic acid content (Tracey): 96% of calculated value 


Reduction of Desulfated Dermatan Sulfate—A solution of 3.0 g 
of sodium borohydride in 30 ml] of water was added to a solution 
of 3.0 g of the methyl ester of desulfated dermatan sulfate in 
120 ml of water, and the mixture was kept for 48 hours at room 
temperature. After acidification to pH 6 with dilute acetic 
acid, the solution was dialyzed against distilled water and then 
lyophilized, affording 2.9 g of material. Analyses for uronic 
acid content by the Fishman (15) and Tracey (16) procedures 
indicated that 35 to 37% of the uronic acid fraction remained 
unreduced. Assuming that the incomplete reduction was due 
likely to the concomitant hydrolysis of the methyl uronate into 
sodium uronate at the pH 10.3 of the medium (18), the product 
was re-esterified with diazomethane and then submitted to a 
second step of reduction. Therefore, 2.75 g of material was 
dissolved in 300 ml of water and the solution was passed through 
a column of Dowex 50 (H+) in order to remove sodium ions. 
The eluate was lyophilized, yielding 2.3 g of material which was 
dissolved in 30 ml of water. Methanol, 150 ml, was added, the 


resulting opalescent suspension was cooled to 0°, and a solution 
of diazomethane in ether was added until a persistent yellow 
color was obtained. After addition of 80 ml of water, the or- 
ganic solvents were evaporated, the residual aqueous solution 
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was diluted with water to 120 ml, and 3.0 g of sodium borohy. 
dride dissolved in 30 ml of water was added. The mixture wag 
kept for 60 hours at room temperature, then acidified with 
dilute acetic acid, dialyzed, and lyophilized to give 2.1 g of ma- 
terial in an over-all yield of 80%. Analysis indicated that the 
uronic acid fraction remaining unreduced in this product had 
decreased to 28% of the original value. 

Hydrolysis of Desulfated, Reduced Dermatan Sulfate and Iso- 
lation of 2,3 ,4-Tri-O-acetyl-1 ,6-anhydro-B-L-idopyranose—Desul- 
fated and reduced dermatan sulfate, 266 mg, dried under vac- 
uum at 100° over P.O; for 24 hours, was hydrolyzed for 7 hours 
at 100° in a sealed tube with 8 ml of 0.5 N aqueous H2SO,. Sul- 
fate ions were precipitated by addition of dilute barium hydrox- 
ide, a stream of CO: was passed through, and the suspension 
was filtered through a layer of Celite. The filtrate was passed 
through a column of 20 m) of Dowex 50 (H+), and a neutral 
fraction was eluted with 300 ml of water. After concentration 
to dryness, the residue, which weighed 95 mg, was acetylated 
with 1.0 ml of acetic anhydride and 1.4 ml of pyridine for 48 
hours at room temperature. After evaporation of the solvents 
by codistillation with toluene, the product was chromatographed 
on silicic acid. Elution with a mixture of benzene and ether 
9:1 gave 77 mg of a substance which crystallized when seeded 
with synthetic 2,3,4-tri-O-acetyl-1 ,6-anhydro-8-L-idopyranose 
(see below). Recrystallization from a mixture of ether and 
pentane afforded 49 mg of 2,3,4-tri-O-acetyl-1 ,6-anhydro-6-1- 
idopyranose as diamond-shaped platelets, m.p. 85-86°, un- 
changed in admixture with the synthetic compound; [a]?* +75.5° 
(ec = 0.7, chloroform). Taking into account that the uronic 
acid moiety of the starting material was reduced to the extent 
of 72%, 77 mg of crude crystalline 2,3 ,4-tri-O-acetyl-1 ,6-anhy- 
dro-8-L-idopyranose corresponds to a yield of 52%. The yield 
of pure material is 33%. When this last figure is compared to 
the 63% yield of pure 2,3,4-tri-O-acetyl-1 ,6-anhydro-8-.-ido- 
pyranose obtained under identical conditions from 1 ,2-0-iso- 
propylidene-L-idofuranose, it may account for the presence of 
at least 52% of L-iduronic acid in the uronic moiety of dermatan 
sulfate. In another experiment, the hydrolysis of 266 mg of 
desulfated and reduced dermatan sulfate was repeated in an 
identical manner but the neutral fraction eluted from the Dowex 
50 column was first purified by distillation under a pressure of 
0.05 mm of Hg. The distillation started when the heating bath 
temperature reached 70° and was completed at 200°. The 
sirupy yellowish distillate weighing 62 mg had [a]2* +84° (¢ = 
1.67, acetone). After acetylation and purification by chroma- 
tography on silicic acid as described above, 60 mg of crystalline 
material were obtained. Recrystallization from ether-pentane 
gave 34 mg of 2,3,4-tri-O-acetyl-1 ,6-anhydro-6-L-idopyranose 
melting at 85-86.5°. Calculated as above and by comparison 
with the 53% yield obtained under identical conditions from 
pure 1 ,2-O-isopropylidene-L-idofuranose (see below), the yield 
in this case represents 44% of the uronic acid moiety of derma- 
tan sulfate. 

Chromatographic analysis of the crude neutral fraction of 
hydrolysates of desulfated, reduced dermatan sulfate on What- 
man No. 1 paper, with 1-butanol-ethanol-water 4:1:1 as eluant 
and a silver reagent for detection (19), indicated the presence of 
compounds migrating like p-glucose ,L-idose (Reiucose, 1.72), and 

1,6-anhydro-8-t-idose (Rgiucose, 2.65), plus a nonidentified 
faster moving streak. References consisted of p-glucose, crystal- 
line 1,6-anhydro-§-t-idose, and of a hydrolysate of 1,2-iso- 








Septem 


with si 
other 01 
1.72 wh 
With 
migratil 
had R, 
Simil 
tained | 
reduced 
§-L-idos 
detecta 
No D 
matan § 
Synth 
from 1, 
of 1,2 
—24.8° 
acid, W 
cooling, 
hydrox: 
The su 
filtrate, 
throug] 
absolut 
acetyla 
at roor 
rated, | 
uene, a 
matogr 
and et 
crystal 
The su 
After f 
erystal 
mg (62 
colorle: 
+76° | 


Furt 
of siru 
which 

In ¢ 
under 
isoproy 
by dis 
sublim 
bath t 
Crysta 
as fine 
(ce = 
hygros 
sirupy 
and 0 
silicic 
acetyl. 
meltin 





utral 
ation 
lated 
or 48 
vents 
phed 
ether 
~eded 
ANOse 
- and 
)-B-L- 
, Un- 
755° 
ronic 
xtent 
anhy- 
yield 
‘ed to 
L-ido- 
0-iso- 
1ce of 
natan 
mg of 
in an 
Jowex 
ure of 
y bath 

The 
) (e a 
\roma- 
talline 
entane 
ranose 
yarison 
3 from 
» yield 
Jerma- 


ion of 
What- 
eluant 
ence of 
2), and 
ontified 
erystal- 
| ,2-iso- 


September 1960 


propylidene-L-idose which gave two spots, one reacting slowly 
with silver and corresponding to 1,6-anhydro-§-L-idose, the 
other one reacting quickly with silver and with an Retucose of 
1.72 which was attributed to L-idose. 

With ethyl acetate-pyridine-water 2:1:2 as eluant, a substance 
migrating like p-glucose was also observed. In this case L-idose 
had Reiucose 1.25 and 1,6-anhydro-8-L-idose had Regtucose 1.45. 

Similar chromatographic examination of the distillate ob- 
tained from the neutral] fraction of hydrolysates of desulfated, 
reduced dermatan sulfate showed the presence of 1 ,6-anhydro- 
g-L-idose with only traces of p-glucose and L-idose being still 
detectable. 

No p-glucose was detected in hydrolysates of desulfated der- 
matan sulfate before reduction. 

Synthesis of 2,3,4-Tri-O-acetyl-1 ,6-anhydro-B-L-idopyranose 
from 1 ,2-0-Isopropylidene-L-idofuranose—A solution of 300 mg 
of 1,2-O-isopropylidene-t-idofuranose, m.p., 113-114°; [a] 
—24.8° (c = 1.15, water) (20), in 6 ml of 0.5 N aqueous sulfuric 
acid, was heated for 7 hours in a sealed tube at 100°. After 
cooling, the solution was adjusted to pH 7.5 with dilute barium 
hydroxide and a stream of carbon dioxide was passed through. 
The suspension was filtered through a layer of Celite. The 
filtrate, concentrated to a small volume, was filtered again 
through Celite and evaporated to dryness by codistillation with 
absolute ethanol. The sirupy residue, weighing 255 mg, was 
acetylated with 3 ml of acetic anhydride and 5 ml of pyridine 
at room temperature for 40 hours. The solvents were evapo- 
rated, the last traces being removed by codistillation with tol- 
uene, and the residual sirup was dissolved in benzene and chro- 
matographed on silicic acid. Elution with a mixture of benzene 
and ether 9:1 gave 330 mg (84%) of sirupy material which 
crystallized in long yellowish needles on standing overnight. 
The substance was decolorized with Darco G-60 in methanol. 
After filtration and evaporation of the solvent, the residue was 
crystallized from a mixture of ether and pentane, affording 249 
mg (63%) of 2,3,4-tri-O-acetyl-1 ,6-anhydro-8-L-idopyranose as 
colorless diamond-shaped platelets melting at 85.5-87°, [a]** 
+76° (ec = 0.97, chloroform). 


Ci2Hi6Os 
Calculated: C 50.00, H 5.60 


Found:  C 50.12, H 5.74 


Further elution of the chromatogram with ether gave 50 mg 
of sirupy material, consisting probably of L-idose pentaacetates, 
which was not further investigated. 

In another experiment, the crude sirupy material obtained 
under identical conditions of hydrolysis from 300 mg of 1,2- 
isopropylidene-L-idofuranose, and weighing 236 mg, was purified 
by distillation under a pressure of 0.05 mm of Hg in a small 
sublimator. By slow raising of the temperature of the heating 
bath to 180°, a total of 210 mg of sirupy material was collected. 
Crystallization from acetone gave 1,6-anhydro-8-L-idopyranose 
as fine hygroscopic needles melting at 114-117°, [a]? +111° 
(ec = 1.1, acetone), in a very small yield attributable to the 
hygroscopicity of the compound. A 50 mg portion of the crude 
sirupy product was acetylated with 0.5 ml of acetic anhydride 
and 0.7 ml of pyridine, and purified by chromatography on 
silicic acid as described above, affording 50 mg of 2,3,4-tri-O- 
acetyl-1 ,6-anhydro-8-L-idopyranose as diamond-shaped platelets 
melting at 86-87.5° in a yield of 51%. 
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In an attempt to prepare another crystalline derivative with 
a large increase of molecular weight, 97 mg of the sirupy distil- 
late were benzoylated at 0° with 0.32 ml of benzoyl chloride and 
2 ml of pyridine. After 15 hours, the excess of benzoyl chloride 
was decomposed by addition of a small piece of ice and the mix- 
ture was then poured on ice. The gummy precipitate slowly 
crystallized to a paste which was extracted with chloroform. 
The solution was washed with dilute sulfuric acid and saturated 
sodium bicarbonate, dried over anhydrous sodium sulfate, and 
evaporated under vacuum. The sirupy residue, dissolved in 
acetone, was treated with Darco G-60, and the solution was 
filtered through Celite. After evaporation under a stream of 
nitrogen, the residue was crystallized from a mixture of ether 
and pentane, affording clusters of long needles melting unsharply, 
despite further recrystallization. The total of the material 
(236 mg) was dissolved in benzene and chromatographed on 
silicic acid. Elution with mixtures of benzene and ether 9:1 
gave 230 mg of sirupy material. Crystallization from ether 
gave 1,6-anhydro-2,3,4-tri-O-benzoyl-8-1-idopyranose as fine 
needles, m.p., 112-118°, unchanged by further recrystallization, 
[a]2° +64° (c = 1.2, chloroform). Unfortunately, the unsharp 
melting point renders this compound unsuitable for comparison. 


Co7H220s 
Calculated: C 68.35, H 4.67 
Found: C 68.45, H 4.84 


1 ,6-Anhydro-B-L-idopyranose from 2,3,4-Tri-O-acetyl-1 ,6-an- 
hydro-B-L-idopyranose—To a solution of 164 mg of 2,3,4-tri-O- 
acetyl-1 ,6-anhydro-8-L-idopyranose in 4 ml of methanol, 0.4 ml 
of a 1.6 N barium methoxide solution was added. After standing 
overnight at room temperature, the solution was neutralized 
with a stream of carbon dioxide while being diluted with water. 
Most of the methanol was then evaporated, and the residual 
aqueous solution was deionized by passing through a column of 
Dowex 50 (H*). The eluate was evaporated to dryness in the 
presence of absolute ethanol, the sirupy residue was extracted 
with acetone and the solution filtered. From the concentrated 
solution, 27 mg of crystalline 1 ,6-anhydro-8-L-idopyranose were 
obtained in two crops. Recrystallization from acetone gave 12 
mg of hygroscopic crystals melting at 128-129°; [a]”° +113° 
(c = 1.2, acetone). 

Ce6H100s 
Calculated: C 44.44, H 6.22 


Found: C 44.34, H 6.39 


DISCUSSION 


The uronic acid component of dermatan sulfate has been con- 
clusively characterized as L-iduronic acid by comparing synthetic 
2,3,4-tri-O-acetyl-1 ,6-anhydro-8-L-idopyranose and the crystal- 
line material isolated after hydrolysis from desulfated, reduced 
dermatan sulfate. Both samples were found to be identical by 
their specific rotation and melting point, and no depression 
of the melting point was observed in admixture. The positive 
sign of the rotation (+75.5°) shows that both the synthetic 
compound, obtained from p-glucose by inversion of configuration 
at C-5, and the material isolated from dermatan sulfate belong to 
the L- series; the p- isomer having a rotation of —73.6 to —75.1° 
(21).? 


2 In a later publication, Cifonelli et al. (22) have confirmed this 
result with the rotation value of the crude iduronolactone ob- 
tained after hydrolysis of dermatan sulfate. 
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The proportion of L-iduronic acid present in the original poly- 
mer was estimated on the basis of the yield of 2,3 ,4-tri-O-acetyl- 
1 ,6-anhydro-8-L-idopyranose isolated in crystalline form. Cor- 
rections were applied by taking into account the incomplete 
reduction of the polymer and also by comparison with the yield 
of material obtained under identical conditions of hydrolysis 
from pure 1,2-O-isopropylidene-L-idofuranose. The estimated 
amount of 1,6-anhydro-8-L-idopyranose represents about 50% 
of the theoretical yield calculated by making the assumption 
that iduronic acid is the sole uronic acid present in the 
starting material. This figure represents a minimal value as 
a small amount of glucose was detected by paper chromatog- 
raphy of hydrolysates of desulfated, reduced dermatan sulfate. 
This observation indicates the presence of glucuronic acid in the 
starting materia] as no glucose was detected in hydrolysates of 
the nonreduced substance. No attempt was made to estimate 
the glucose-idose proportion because it would not necessarily 
indicate the proportion of the corresponding uronic acids pres- 
ent in the original substance. 

These results agree with the data of Cifonelli et al. (22), and 
with unpublished experiments of Dr. A. Winterstein,? which 
have shown the presence of a glucuronic acid-containing material, 
having an [a]p of +10°, as contaminant of the starting material 
used in the present work. On the basis of the rotation values, 
the proportion of foreign material would be 20%. Consequently, 
the amount of estimated L-iduronic acid represents 60% of the 
theoreticai value. 


SUMMARY 


The uronic acid component of dermatan sulfate (8-heparin, 
chondroitin sulfate B) has been characterized as L-iduronic acid 
by consecutive desulfation, reduction, and hydrolysis of the 
polysaccharide, followed by isolation of the crystalline 2,3, 
4-tri-O-acetyl-1,6-anhydro-8-L-idopyranose. This latter com- 


3 We are grateful to Dr. A. Winterstein for communicating 
these results. 
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pound was shown to be identical to an authentic specimen 
synthesized from 1,2-O0-isopropylidene-L-idofuranose. 
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In the classical studies of Kuhn (1) and Freeman and Hopkins 
(2), B-amylase was shown to give products that mutarotated 
upwards. Since maltose is a product of the reaction, this infor- 
mation could be used to infer that cleavage occurred at the ter- 
minal maltosyl carbon by a mechanism involving a displacement 
on that carbon by water (3). That cleavage occurs at the C-1 
rather than the C-4 carbon has been substantiated by O" studies 
of Mayer and Larner (4) and of Halpern and Leibowitz (5), but 
further support of the mechanistic deductions required a study 
of the quantitativeness of the inversion. An upward mutarota- 
tion per se merely indicates that the initial products contain more 
8 isomer than the equilibrium mixture, a fact which might be in 
accord with a free carbonium ion mechanism. Accordingly, a 
study of the extent of the inversion was initiated and is reported 
here. 

In addition to its stereochemistry, B-amylase is an intriguing 
enzyme because of its specificity pattern. It acts only at the 
nonreducing end of a polysaccharide chain, cleaving the penulti- 
mate linkage, and requires a minimal size polymer for optimal 
enzyme action. In a previous study (6) evidence was obtained 
that 6B-amylase operates through an induced-fit type of specificity 
mechanism. Kinetic studies on various linear starch derivatives 
were made to test this hypothesis further and to clarify some 
features of the active site of the enzyme. 


EXPERIMENTAL PROCEDURE 


Materials—The preparations of maltotriose, maltotetraose, 
and Nageli amylodextrin used in these experiments have been 
described elsewhere (7). 

8-Amylase, prepared by the procedure of Balls et al. (8), was 
purchased from the Worthington Biochemical Company. 

Crystalline methyl-a-maltotrioside was kindly donated by Dr. 
John Pazur. 

Methyl-a-glucoside was recrystallized twice from absolute 
ethanol before use. 

Preparation of Enzyme Solutions—Solutions of B-amylase were 
prepared by centrifuging several milligrams of the Worthington 
suspension in a micro test tube (5-mm glass tubing sealed at one 
end) discarding the supernatant liquid, and dissolving the crys- 
tals in acetate buffer at pH 4.8. 

When 8-amylase, 7 X 10-® m in distilled H.O, was sedimented 
in the ultracentrifuge a pattern essentially identical to that of 
Englard and Singer (9) was observed. A molecular weight of 
1.52 X 10° for B-amylase was used to calculate the molarity of 


* Research carried out at Brookhaven National Laboratory un- 
der the auspices of the United States Atomic Energy Commission. 


the solutions. There appeared to be a small amount of slowly 
sedimenting material amounting to a few % of the total solids. 
This contaminant could be removed by placing a solution of the 
enzyme on a dextran gel (Sephadex G25, Pharmacia Laborato- 
ries) column, 2 X 15 em, and irrigating with distilled water 
(1.8-ml samples were collected). Ultracentrifugal patterns of 
the enzyme prepared in this manner showed a single peak. The 
enzyme solution used to hydrolyze maltose was prepared by 
purification on the dextran gel column. 

Hydrolysis of Maltotetraose—For a typical run, about 10 to 20 
mg of chromatographically pure maltotetraose were dissolved in 
about 800 ul of acetate buffer at pH 4.8 and the concentration 
of the saccharide measured polarimetrically (10). To exactly 
700 ul of the tetraose solution, 50 ul of a 6.6 X 10-* Mm B-amylase 
solution (E}%, = 17.1 at 280 my (9)) were added and the sample 
immediately mixed. The reaction mixture was then placed in 
a 1-decimeter polarimeter tube and the optical rotation, measured 
to the nearest 0.001°, was followed as a function of time in a 
Rudolph Precision Ultraviolet Polarimeter, model 80, with a 
Xenon Are lamp and the Sodium D line. 

Twenty-four hours after the hydrolysis was initiated (the en- 
zyme had denatured during this interval) the hydrolysate (about 
0.5 to 1.0 mg) was spotted on Whatman No. 3 MM paper and 
irrigated by the ascending method with a H,.O-ethanol-nitro- 
methane solvent, 23:37:40% by volume (11). The maltodex- 
trins served as reference materials. When the spots were made 
visible with the silver nitrate-NaOH reagent (12) by the dip 
technique, only maltose was detected in the hydrolysate. 

Hydrolysis of Amylodextrin—To 0.398 g of amylodextrin in 
2.00 ml of acetate buffer, 50 ul of 4 X 10-* m solution of B-amylase 
were added. The solution was thoroughly mixed and an aliquot 
transferred to a 1-decimeter polarimeter tube. The optical rota- 
tion was followed with time to the nearest 0.01°, in a Rudolph 
polarimeter with a sodium lamp as a light source. 

At various intervals 100 ul of the amylodextrin solution were 
pipetted into 1 ml of Nelson’s copper reagent (13) to arrest the 
enzyme action. After diluting the mixture to 25 ml, with water, 
1 ml of the diluted solution was assayed for reducing power by 
Nelson’s procedure (13). The color which was produced was 
measured in a Beckman DU spectrophotometer at 660 mu. 

Hydrolysis of Maltotriose and Methyl-a-maltotrioside—To 500 
ul of solutions containing about 5 x 10-* m triose and about 
3 X 10-* M trioside in 0.1 m acetate buffer at pH 4.8, 400 ul of a 
6 X 10-* m solution of the enzyme were added. The extent of 
hydrolysis was followed for 24 hours by assaying 100-yl aliquots 
for reducing value by Nelson’s method (13). 

Hydrolysis of Maltose—About 2 mg of maltose were dissolved 
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Fic. 1. Rotation of the hydrolytic products of maltotetraose 
cleaved by f-amylase. Conditions: 4 X 10-* m B-amylase, 0.04 
M sodium acetate-acetic acid buffer, pH 4.8, temperature 24 + 1°. 
(A considerable portion of this enzyme preparation had become 
inactive before use.) 
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Fic. 2. Kinetics of the mutarotation of maltose liberated by 
8-amylase under various conditions in sodium acetate-acetic acid 
buffers at pH 4.8. For conditions see ‘‘Experimental Procedure.”’ 
Vertical lines indicate probable experimental error of instrument 
reading. The lower curve is a plot of the mutarotation data in 
Fig. 1 after hydrolysis was essentially complete in 10 minutes. 
Temperature control was +1°. 
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in 100 ul of 1m acetate buffer at pH 4.8 and 1 ml of @-amylage 
purified on a Sephadex column was added containing 12,009 
units of activity! and incubated at 25°. The extent of hy. 
drolysis was measured by determining the reducing value of 
100-u] aliquots as described above. 

During the incubation about 40% of the activity was lost in 
30 hours. 

Inhibition Constant of Methyl-a-glucoside—In a typical run, 
0.250 ml of B-amylase solution was added to a series of tubes 
containing 0.750 ml of a starch-methyl-a-glucoside solution. 
The concentration of the starch was held constant but the con- 
centration of the methyl-a-glucoside was systematically varied, 
After incubation at constant temperature for 5 minutes, hydroly- 
sis was arrested by addition of 1 ml of Nelson’s copper reagent 
and the maltose liberated, measured as above. All velocities 
measured were initial velocities, determined when the extent of 
the hydrolysis was 10% or less. 


RESULTS 


Stereochemistry during Hydrolysis of 
Maltotetraose and Amylodeztrin 


The time course of the change in optical rotation concomitant 
with and subsequent to the hydrolysis of maltotetraose by beta 
amylase is depicted in Fig. 1. As was expected, there was an 
initial drop in rotation accompanying the hydrolysis of the tetra- 
ose to yield maltose, followed by an upward rotation accompany- 
ing the mutarotation of the product.? 

In other experiments, enough 8-amylase was added to solutions 
of maltotetraose and amylodextrin to insure essentially instan- 
taneous hydrolysis. The mutarotation of the products was then 
followed as a function of time unaccompanied by any changes 
produced by a slow hydrolysis. The data from this experiment 
are plotted in Fig. 2 and describe excellent first order kinetics 
typical of simple mutarotation processes. 

When the rate constants determined from these plots were 
corrected for temperature and buffer effects* the constants which 
are summarized in Table I, agreed within experimental error with 
the value recorded in the literature. The lower lines in Fig. 2 
gave different rate constants in different acetate buffers at the 
same temperature in accordance with the known general acid- 
base catalysis of mutarotation (17). 

Because B-amylase approaches branched points with some 
lethargy (18) the reducing value of the amylodextrin hydrolysate 
was followed as a function of time. These data are recorded in 
Table II. The difference between the first and last measure- 
ments are just at the limits of experimental error. If any change 
occurs after the initial hydrolysis, it is very slight and does not 
significantly alter the mutarotation kinetics. 

The comparison of expected and observed rotation changes 
accompanying hydrolysis is shown in Table III. The calculated 
figures are based on the literature values for the rotations of 


1 One unit of activity is defined as the amount of enzyme which 
will produce 1 mg of maltose from a 0.5% soluble-starch solution 
in 30 minutes at pH 4.8 in 0.1 m sodium acetate-acetic acid buffer 
at 25°. 

2 Although our conditions were quite similar to those of Bird 
and Hopkins (14), we failed to note an instantaneous increase in 
rotation upon addition of the enzyme to the substrate. 

’ The rate constants were corrected with the Arrhenius equation 
with an E, of 17,500 (see (15)). The correction for the buffer was 
made by assuming that the rate of mutarotation of maltose was 
catalyzed by the various acetate species as was glucose (16). 
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TaBLeE I 

Mutarotation constants for B-maltose corrected to 19.5° and absence 
of buffer* 





Mutarotation 


Method to obtain 6-maltose constants 
(ki + kz) min™ X 10° 





6-Maltose-H:20 crystals 


5.3 (16) 
Hydrolysis of amylodextrin by 6-amylase 5.4 
Hydrolysis of maltotetraose by B-amylase 5.8T 








* For calculation of rate constants see footnote in ‘“‘Results.”’ 
Briggsian logarithms are used. 
+ Average of two values. 








TABLE II 
Reducing value of amylodeztrin hydrolysate as function of time 
Time Reducing value (relative)* 
min 
5.0 0.82 + 0.015 
10.9 0.82 + 0.015 
23.0 0.84 + 0.015 
41.8 0.84 + 0.015 
1000 0.86 + 0.015 








* For conditions see ‘‘Experimental Procedure.”’ 


TaBLeE III 


Comparison of observed and calculated rotations for maltose produced 
from B-amylase hydrolysis 








Quantity measured or calculated Maltotetraose |Amylodextrin 

Observed value for maltose produced at) 2.391 4.83 
zero time 

Calculated value for maltose assuming 2.396 
quantitative inversion 

Observed value for maltose after complete 2.594 5.35 
mutarotation 

Calculated value for maltose after com- 2.581 
plete mutarotation 

Observed value for change on mutarota- 0.203 0.52 
tion 

Calculated value for change on mutarota- 0.185 0.48 
tion 











pure 6-maltose and of equilibrium a- and B-maltose (15). The 
observed values immediately after hydrolysis were determined 
for the upper curves by extrapolating the time rate curves in 
Fig. 2 to zero time. 

The rotation of the tetraose solution immediately after hy- 
drolysis indicates that 6-maltose is quantitatively released from 
the terminal end of the substrate. The final value after muta- 
rotation to an equilibrium mixture of a and 6 anomers also 
agrees closely with the theoretical value. 

In the case of Nageli amylodextrin, the expected rotation after 
hydrolysis cannot be calculated accurately because some 
branched dextrin is produced as well as maltose and glucose. 
Nevertheless, the change in rotation after hydrolysis was calcu- 
lated by assuming pure §-maltose is produced and mutaro- 
tates to an equilibrium mixture. The calculated value agrees 
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well with the observed value as in the case of maltotetraose. 
The increase in reducing value was used as an index of mal- 
tose liberation. 

Kinetics of Hydrolysis of Maltotriose and Methyl-a-maltotrioside 
—The kinetics of the hydrolysis of maltotriose by B-amylase are 
recorded in Figs. 3 and 4. It will be noticed that the reaction 
is first order with respect to substrate. This observation is inter- 
preted to mean that only a small fraction of the enzyme is com- 
plexed with substrate and thus the dissociation constant of the 
complex is large, i.e. >3.5 X 10-* M, the initial concentration 
of the triose. Under similar conditions methyl-a-maltotetrao- 
side exhibits zero order kinetics and has a Michaelis constant at 
least 40 times smaller than the triose (6). 

The triose hydrolysis was essentially complete within 3 hours. 
The reducing value was, however, followed for 24 hours and a 
small but detectable increase in the reducing value was found 
caused by maltose hydrolysis. Correction for the small amount 
of maltose hydrolysis was made by extrapolation of the linear 
segment of the upper curve in Fig. 4 to zero time. 

When the kinetics of hydrolysis of methyl-a-maltotrioside was 
measured (Fig. 4), it was found that all of the material hydrolyzed 
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Fic. 3. Kinetics of the hydrolysis of maltotriose by 6-amylase. 
Conditions: 0.1 m sodium acetate-acetic acid buffer pH 4.8, tem- 
perature 25.0 + 0.1°. Maltotriose about 3.5 X 10-* m, B-amylase 
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Fic. 4. Hydrolysis of various substrates by B-amylase. @—— 
@, Methyl-a-maltotrioside; A——A, maltose; x——X, malto- 
triose. See “Experimental Procedure’’ for conditions. All so- 
lutions were placed under toluene. 
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Fig. 5. Inhibition of B-amylase action by methyl-a-glucoside. 
Conditions: 0.1 m sodium acetate-acetic acid buffer pH 4.8, tem- 
perature 25.0 + 0.1°; starch concentrations: 0.25%, upper curve; 
2.4%, lower curve. 
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Fic. 6. Purification of B-amylase on a Sephadex column. The 
(NH,)2SO, did not appear until Tube 7 after the enzyme had al- 
ready passed through the column. Light path was 0.5 em. 


within 20 minutes. This means that the rate of hydrolysis was 
at least 9 times as fast as that for the maltotriose. Again, when 
reducing value was followed for 24 hours, small but measurable 
increases were observed. When about 0.5 mg of this hydrolysate 
was spotted on Whatmann No. 3 MM paper and irrigated with 
the H,O-ethanol-nitromethane solvent and then dipped in the 
silver nitrate-NaOH reagents, maltose and methyl-a-glucoside* 
were detected as the major products of hydrolysis. The cleav- 
age of the penultimate linkage is again reminiscent of B-amylase 
action and indicates that hydrolysis was promoted by this en- 
zyme. 

Inhibition Constant for Methyl-a-glucoside—The normal 
method for determination of an inhibitor constant is to run a 


4 Large amounts of nonreducing sugars can be detected by this 
reagent. 
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Lineweaver-Burk plot in the absence and presence of inhibitor. 
However, since the needed molecular weight of starch is not 
measurable, this method cannot be used if K; is to be given in 
moles per liter. A procedure which circumvents this difficulty 
has been suggested by Dixon (19). He proposed that the in- 
hibitor be varied instead of the substrate and the data plotted 
as 1/v against [I]. If the lines for two different substrate con- 
centrations intersect above the abcissa, the inhibitor is competi- 
tive and projection of this point on the abcissa is equal to —K,, 


The inhibition data for methyl-a-glucoside at two starch con- | 


centrations are plotted in Fig. 5 and inspection of the graph indi- 
cates that inhibition is competitive. The dissociation constant 
for the enzyme glucoside complex is equal to 0.040 + 0.004 x. 

Hydrolysis of Maltose—On the previous chromatogram (after 
hydrolysis of trioside) a very small amount of glucose was also 
detected. To eliminate the possibility that maltose hydrolysis 
was the result of a small amount of contaminating protein de- 
tected in the ultracentrifuge it was purified on a Sephadex column 
and the elution diagram recorded in Fig. 6. 

Maltose was then subjected to the action of Fraction 4 con- 
taining the major portion of the B-amylase activity and the re- 
sults of this experiment are recorded in Fig. 4. Although it is 
not conclusive that B-amylase is the enzyme which hydrolyzes 
maltose, it would be expected if the enzyme conforms to the 
induced-fit model. From the slopes of the curves in Fig. 4, it 
can be calculated that maltose is hydrolyzed at least 125 times 
more slowly than maltotriose. This calculation also considered 
the inactivation of the enzyme during the course of the hydroly- 
sis. 

Conformational Analysis of Specificity Pattern of B-Amylase 
with Template Hypothesis—It has previously been shown (6) 
from evidence of inhibition of cyclohexaamylose and internal 
segments of a linear starch chain that a template-type specificity 
theory cannot explain the action pattern of B-amylase. This 
deduction was based on the assumption that the enzyme had no 
absolute specificity requirements for conformational isomers of 
the pyranose ring. Although this assumption is most reasonable, 
the possibility exists that the chair and boat forms of glucose are 
not readily interconvertible and that the enzyme has a specificity 
pattern which distinguishes between these two types of confor- 
mations.’ Accordingly, an analysis was made to see whether a 
binding site which distinguished between chair and boat confor- 
ations could explain the action pattern of B- amylase. 

The analysis was based on the question of whether, if given a 
template-type specificity, there is any combination of chair and 


boat conformations which is consistent with the observed facts | 


of B-amylase action. If such a combination were found, tem- 
plate-type specificity could not be excluded until more detailed 
experimental evidence on sugar conformations is available. How- 
ever, this additional information was unnecessary since it was 
found that the answer to the question was in the negative. In 
essence then, the analysis became an exercise in permutations and 
combinations which would hold for any two forms of the ring, 
chair and boat, boat and skew, and in general, A and B. 

The facts which were used in this analysis were that under 
normal hydrolytic conditions: 

(a) Cyclohexaamylose is not cleaved by the enzyme. 

(b) Maltose is cleaved exceedingly slowly by the enzyme. 

(c) Maltose is bound only very weakly by the enzyme. 


5 See (4) for pertinent references. 
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(d) Cyclohexaamylose is strongly bound to the enzyme. 

(e) Maltotriose is weakly bound to the enzyme. 

(f) Maltotriose is cleaved slowly by the enzyme. 

(g) Methyl-a-maltotrioside is cleaved by the enzyme at least 
9 times faster than maltotriose. 

(h) Maltotetraose is tightly bound and cleaved rapidly by the 
enzyme. 

(i) Methyl-a-maltotrioside is hydrolyzed to maltose and 
methyl-a-glucoside. 
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In addition to these observations taken from this work or the 
existing literature, conformational consistency was assumed as a 
criterion for an acceptable combination, i.e. similarly substituted 
glucoses would have to have the same conformations in a linear 
starch chain. This did not require any a priori identification of 
conformations, e.g. the middle glucose in a triose could be either 
chair or boat, but it did require that any assignment of confor- 
mation to such a 1-4 substituted glucose would have to be the 
same in internal positions of maltotetraose or starch. Thus a 


TABLE IV 
Analysis of two adjacent binding site mechanisms of absolute conformational specificity 


Mechanism: The active site is assumed to have four positions which allow the absorption of glucose units. Complementarity of any 
two adjacent positions on enzyme and substrate is sufficient for binding and binding across positions 2 and 3 is necessary and suffi- 


cient for enzymatic cleaving. 


Evaluation: The facts against which each combination of conformations is evaluated are: (a) cyclohexaamylose is not hydrolyzed, 


| (b) maltose is hydrolyzed very slowly, (c) maltose is very weakly bound, and (d) cyclohexaamylose is tightly bound. A letter in the 


| appropriate box indicates facts inconsistent with the particular permutation of conformations. 


compatible with the conformational combination. 


— indicates that all four facts are 


















































Glucose conformations at nonreducing 
end of starch (active site is Maltose conformation is BB and cyclohexaamylose* conformation is: 
complementary) 
Position | 
Case BBBBBB eccecc CBBCCB BBCCBB CBBBCB BCCCBC 
2 8 4 
1 BBBB- abe bed | abe abe abe bed 
2 BBBC- abe bed abe abe abe be 
3 BBCB- c ed ac ac ac ac 
4 BCBB- c ed | ac ac ac ac 
5 CBBB- abe bed abe abe abe be 
6 BBCC- ec c ac ac ac ac 
7 BCCB- d a | a a = a 
8 CC BB- c e ac ac | ac ac 
9 BCBC- d d a a a a 
10 CBCB- d d a a a a 
11 CBBC- abe bed | be abe abe be 
12 BCCC- d a a a ~ a 
13 CBCC- d a a a a a 
14 CCBC- d —- a a | a a 
15 CCCB- d a a a _ a 
16 CCCC- d a | a a d a 
Maltose conformation is BC and cyclohexaamylose conformation is: 
BBBBBB CCCCCC CBBCCB BBCCBB CBBBCB BCCCBC 
i 1 BBBB- a d a a a a 
2 BBBC- ac ed ac ac ac c 
3 BBC B- be bed abe abe abe abe 
4 BC BB- e ed ac ac ac ac 
5 CBBB- a d a a a — 
6 BBCC- be be abe abe abe abe 
7 BCC B- ed ac ac ac c ac 
8 CCBB- — _ a a a a 
9 BCBC- ed ed ac ac ac ac 
10 CBCB- bed bed abe abe abe abe 
11 CBBC- ac ed ac ac ac c 
12 BCCC- ed ac ac ac ¢c ac 
13 CBCC- bed be abe abe abe abe 
14 CCBC- cd c ac ac ac ac 
15 CCCB- d a a a — a 
16 CCCC- d a a a d a 
* Since there are four glucose-binding sites there are 16 permutations of units which can be bound. All of these 16 distinctly differ- 





XUM 


ent permutations appear in one of the six cyclohexaamylose permutations above and are considered here. 
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BCBC- assignment for the terminal units of a starch chain would 
not be consistent but a BCCC- assignment would. This is 
highly reasonable in view of the known chemistry of conformers. 
The conformation of glucoses in cyclohexaamylose were not 
needed in this argument. 

To illustrate the process of reasoning, part of the evaluation of 
one of the most complex examples, 7.e. the case of two adjacent 
binding groups is shown in Table IV. The 16 possible permuta- 
tions of ring conformations of the terminal four residues of the 
starch chain are shown in Column 2. The next six columns are 
each headed by a different permutation for cyclohexaamylose 
while maltose is given the form of BB. Thus, the case in Row 
1, Column 3, assumes that the terminal four units of starch are 
all boat, the residues of cyclohexaamylose are all boat and those 
of maltose are boat. This combination of conformations would 
lead to the prediction that maltose would be tightly bound, that 
the cyclohexaamylose would be cleaved, and that maltose would 
be cleaved, and hence, it is inconsistent with facts a, b, and c. 
In Row 9, Column 3, for example, the permutation considered is 
starch BCBC-, maltose-BB, and cyclohexaamylose BBBBBB. 
It is readily seen that this set of conformations correctly predicts 
the nonbinding of maltose because there is no portion of the 
active site which contains a site complementary to the BB 
conformation and two adjacent binding groups are necessary for 
tight binding in the mechanism being considered. However, 
this particular combination also leads to the prediction that the 
cyclohexaamylose, whose rings are all in the boat conformation, 
will not be bound but experiments show that it is a competitive 
inhibitor. With the use of only the first four facts it can be seen 
that all except a few combinations can be eliminated, and appli- 
cation of the remaining facts and the demand of conformational 
consistency eliminates these also. Quite clearly, there is sym- 
metry in these combinations and, hence, an analysis with CC- 
maltose would lead to a similar type chart in which the C’s and 
B’s in the formula are interchanged. 

If other assumptions about binding sites are made, e.g. one 
site, three adjacent sites, two separated sites, and so forth, the 
detailed analysis is somewhat different but the same set of facts 
suffices to exclude them. Thus, even assuming that the enzyme 
was capable of distinguishing between conformers, it was not 
possible to find a combination of assigned conformations which 
could explain the existing facts if a template-type specificity was 
assumed. Although boat-skew interconversions are rapid (20) 
and boat-chair interconversions are probably rapid in solution, 
this matter is not yet definitively established. Hence it is sig- 
nificant that even if this transition were slow, an induced-fit 
specificity would be needed to explain the specificity pattern of 
the enzyme. 


DISCUSSION 


Stereochemistry of Enzyme Action—The results reported above 
show that, within experimental error, B-amylase produces on 
hydrolysis pure 6-maltose from the a-linked substrate. The 
quantitative inversion makes it clear that no free carbonium ion 
intermediate is formed, and the simplest mechanism which ex- 
plains these facts is a single displacement mechanism (3) in which 
the approach of water is guided by the enzyme so that the new 
covalent bond is formed on the backside. 

Features of Active Site of B-Amylase—Since by reductive logic 


6 See table for postulated mechanism. 
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Fic. 7. Schema of some features of the active site of 8-amylase 


one arrives at the conclusion that B-amylase must operate 
through an induced-fit type specificity pattern (see preceding 
section) the same data used to exclude template specificity can 
be used to elucidate some features of the induced-fit interaction. 
Application of these data and those in the previous article (6) 
leads to deductions about the active site of the amylase which 
are summarized in Fig. 7. 

The model shows four positions for the binding of glucose resi- 
dues beginning at the nonreducing end of a starch chain. It is 
clear that the free C-4 hydroxy] group has a key role in inducing 
the enzyme into an alignment essential to reaction. Whether it 
acts by attracting a group on the enzyme and actively influencing 
the alignment or whether it merely allows the appropriate fold- 
ing because of its small size is not known. The binding of cyclo- 
amyloses and internal segments, however, establishes that the 
C-4 hydroxyl group is not essential for binding. Moreover, the 
rough agreement of K,, and K; values suggests that the net 
contribution of the C-4 hydroxyl to the binding affinity is not 
large. 

The model proposes a change in shape of the protein in the 
neighborhood of the active site caused by interaction with the 
glucose residues. This is suggested by the very large increase in 
rates as the number of glucose units in the substrate increases 
from 2 to 3 to 4 (maltose: maltotriose : maltotetraose: : <1:100: 
>105). These ratios are greater than is expected on the basis 
of affinity alone and suggests that several, if not all, of the glucose 
units play a role in the protein conformation change. Only four 
groups are indicated since the velocity of higher homologues is 
essentially the same as maltotetraose (10). 


That each of the four glucoses contributes roughly equally to | 


the binding is suggested by the inhibitor constant of methyl-a- 
glucoside. From the K,, of maltotetraoside (6) (assuming K» = 
k_./k, and equal affinity of all four glucose residues), a K; for 
methyl-a-glucoside of about 0.025 m is calculated whereas the 
observed value is 0.04 m. That the net contribution to binding 
is not precisely equal is indicated by the fact that an equivalent 
calculation predicts a K, of about 5 x 10-4 m for maltotriose 
whereas the observed value is greater than 3.5 x 10-* m. This 
apparent discrepancy can be explained by assuming that the 
first three groups contribute a disproportionate share in inducing 
the protein into a proper alignment for reaction. The net bind- 
ing energy is composed of two terms, the binding energy between 
substrate and the properly oriented groups on the enzyme and 
the energy required to produce this orientation. The above 
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suggests that the first three glucose units supply essentially all 
of the energy to produce proper orientation. 

The lethargic hydrolysis of maltose is consistent with this 
model since the amount of enzyme present in the active form 
will depend on thermodynamic or kinetic factors, or both. Since 
maltose lacks the number of groups necessary to induce this 
alignment swiftly or in high yield, or both, the velocity of hy- 
drolysis will be slow. However, it does contain a potential 
cleavage point and two of the four groups required for optimal 
action. It does not contain a substituted C-4 position and hence 
cannot prevent, by steric blocking, a spontaneous folding of the 
catalytic groups. Consequently, appropriate folding will occur 
infrequently leading to a very slow but measurable hydrolysis as 
was observed. 

Although conformational isomers of the substrate could not 
explain B-amylase action in conjunction with a template-type 
enzyme model, it is conceivable that they contribute to an in- 
duced-fit specificity pattern. If this is true and the enzyme 
makes an absolute distinction between chair and boat forms, the 
requirement for four glucose sites is not conclusive. Although 
four glucose residues in the substrate are needed for optimal 
activity, the fourth glucose might merely act to convert residue 
three from a chair to a boat form.’ In this case, only three 
glucose binding sites need be present. Although this alternative 
cannot be excluded rigorously at present, it seems improbable due 
to the flexibility of the enzyme, and because of the small changes 
in distances between atoms on interconversion of conformers. 
Moreover, conformation data of simple sugars do not support 
such a shift in conformational stability on substituting the C-1 
position (21-24). 

The presence of a water site has not been established in the 
case of B-amylase but its existence in other hydrolytic en- 
zymes (25) suggests it as a logical device for controlling the 
direction of attack of water to produce the quantitative inver- 
sion. 


SUMMARY 

B-Amylase hydrolyzes maltotetraose and amylodextrin with 
quantitative inversion of configuration. The kinetics of maltose, 
maltotriose, and methyl-a-maltotrioside cleavage showed that 
the binding affinity of substrates and velocity of reaction in- 
creased with increasing substrate size. Methyl-a-glucoside was 
shown to be a competitive inhibitor with a K; of 0.04. m. These 
facts could be combined with previously published data to show 
that (a) enzyme hydrolysis can only proceed by an induced-fit 


7See (4) for pertinent references. 
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model, (6) cleavages cannot proceed through a free carbonium 
ion, t.e. one which has dissociated from the enzyme, and (c) at 
least three and probably four glucose residues are involved in 
interactions at the active site. 
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The enzymatic decarboxylation of L-ascorbic acid by rat kid- 
ney homogenates has been reported in an earlier study (1). It 
was shown that factors present in both the soluble and the 
particulate fractions were required for maximal activity. Evi- 
dence was presented suggesting that dehydro-L-ascorbic acid and 
2 ,3-diketo-L-gulonic acid were intermediates in the decarboxyla- 
tion of the vitamin. The reaction products were not identified 
at that time, although the formation of L-xylose and L-xylulose 
was excluded. More recently, evidence for the identity of the 
products as L-xylonic and L-lyxonic acids has been reported 
briefly (2). 

An alternate ascorbic acid-metabolizing system present in the 
soluble fraction of guinea pig liver has been shown by Chan et al. 
(3). In this case, L-xylose was identified as a product of the 
decarboxylation of dehydroascorbic acid. 

The present communication is concerned with a description of 
the partially purified enzyme system from rat kidney and with 
further documentation on the identification of L-lyxonie and 
L-xylonic acids as the major products arising from the decarbox- 
ylation of diketogulonic acid. The reactions studied are illus- 
trated in Fig. 1. 


EXPERIMENTAL PROCEDURE 


Materials—t-Galactonolactone, prepared by the borohydride 
reduction of p-galacturonic acid (4), was converted to its calcium 
salt and subjected to a Ruff degradation (5). The resulting 
L-lyxose was oxidized by the method of Moore and Link (6) to 
L-lyxonic acid and isolated as the crystalline t-lyxonolactone, 
m.p. 105-107°, [a]? — 78°. 1.-Ribonolactone was generously 
provided by Dr. H. Isbell of the National Bureau of Standards. 
p-Ribono- and t-arabonolactone were obtained from commercial 
sources. The lactones of the remaining four pentonic acids were 
prepared by bromine oxidation of the appropriate pentose in the 
presence of CaCO;. Dehydroascorbic acid was prepared by the 
benzoquinone oxidation of L-ascorbic acid. Crystalline barium 
diketo-t-gulonate was synthesized as described by Penney and 
Zilva (7) and Curtin and King (8). Squash ascorbic acid oxidase 
was purified through the first ammonium sulfate step of Dawson 
and Magee (9) and was stable when stored as a suspension in 
saturated ammonium sulfate at 0° for at least a year. 1L-Ascorbic 
acid-6-C™ was purchased from the National Bureau of Standards. 

Methods—Ascorbic acid, dehydroascorbic acid, and diketo- 
gulonic acid were measured by a modification of the method! of 


1 In an attempt to decrease the time required for the determina- 
tion of ascorbic acid, the incubation conditions of the assay were 


Roe and Keuther (10). The FeCl;-hydroxamic acid assay of 
Lipmann and Tuttle (11) was used to determine the pentonic 
acid lactones. Protein was measured turbidimetrically (12) and 
by the phenol method (13). 

The squash ascorbic acid oxidase activity was assayed by 
observing the disappearance of ultraviolet absorption at 260 my 
in the Beckman spectrophotometer. The incubation mixture 
consisted of 0.2 ml of Krebs-Ringer-phosphate buffer, pH 6.8, 
and 0.1 umole of t-ascorbic acid in 1.0 ml of solution. The rate 
of decrease of optical density after addition of the enzyme was 
proportional to time and to enzyme concentration over a wide 
range of activity. A unit was defined as the amount of enzyme 
capable of producing a decrease of 1.0 optical density unit per 
minute under the above conditions. The preparation used in 
this work contained 200 units per mg of protein. In the presence 
of excess oxidase, the L-ascorbic acid was quantitatively oxidized. 

Preparation of Kidney Enzyme—The kidneys from freshly 
killed Wistar strain rats were homogenized in 4 volumes of cold 
isotonic KC] and centrifuged for 45 minutes at 100,000 x gina 
Spinco ultracentrifuge. The soluble enzyme preparation was 
brought to 50° and maintained at that temperature for 3 minutes. 
The precipitate which formed was removed by centrifugation 
and discarded. The remaining solution was treated with am- 
monium sulfate and the fractions precipitating between 60 and 
75 and 75 and 90% of saturation were collected, dissolved sepa- 
rately in a small amount of water, and dialyzed overnight against 
0.01 m K:HPO,. The major portion of the activity, usually 
recovered in the 60 to 75% ammonium sulfate fraction, repre- 
sented a purification of about 5-fold over the original activity of 
the high speed supernatant fraction. Further attempts at purifi- 
cation by means of gel adsorption, solvent precipitation, and 
cellulose chromatography were unsuccessful. 

The assay system employed for the decarboxylation reaction 
was initially developed with L-ascorbic acid as substrate. How- 
ever, upon purification, the ability of the crude preparation to 
convert L-ascorbate to dehydroascorbate and diketogulonate was 
readily removed. Upon the addition of a slight excess of a 
partially purified squash ascorbic acid oxidase, a quantitative 
formation of these ketohexonic acids was observed. In the 
absence of the decarboxylating enzyme from rat kidney, there 
was no further metabolism of the dehydroascorbate and diketo- 








altered in that the test samples were maintained at 57° for 45 
minutes rather than at the lower temperature and for a longer 
incubation originally described (10). The modified procedure 
was carefully checked for proportionality, sensitivity, and speci- 
ficity before being adopted. 
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Fic. 1. Reaction sequence for formation of L-xylonic and t-lyxonic acids from diketo-L-gulonic acid 


gulonate so formed and they could be recovered unchanged at 
the end of the incubation period. The routine assay contained 
1 umole of L-ascorbic acid, 19 ug of squash ascorbic acid oxidase, 
and varying amounts of the kidney enzyme brought to 1.0 ml 
with Krebs-Ringer-phosphate buffer at pH 6.8. The tubes were 
gassed with oxygen for 1 minute, stoppered, and incubated at 
37° for 30 minutes. The reaction was stopped by the addition 
of trichloroacetic acid to make a final concentration of 4%. A 
unit is defined as that amount of enzyme required to catalyze 
the disappearance of 1 wmole of substrate under these conditions. 
The proportionality of the assay to enzyme concentration is 
shown in Fig. 2. 

Isolation of Reaction Products—In an attempt to isolate and 
identify the reaction products resulting from the metabolism of 
L-ascorbic acid by the rat kidney enzyme preparation, a large 
scale incubation was performed. The reaction mixture con- 
tained 75 wmoles of L-ascorbic acid-6-C™ (1.73 X 104 c.p.m. per 
pmole), 10 ml of the dialyzed enzyme preparation, 20 units of 
squash ascorbic acid oxidase, and 15 ml of Krebs-Ringer-phos- 
phate buffer, pH 6.8. The reaction flask was flushed with oxy- 
gen, stoppered, and incubated for 30 minutes at 37°. The reac- 
tion was terminated by the addition of trichloroacetic acid to 
give a final concentration 4%. The precipitate was removed by 
centrifugation and the supernatant solution was extracted several 
times with a 2-fold volume of ether to remove the excess trichloro- 
acetic acid. At the end of the incubation period more than 90% 
of the substrate had disappeared. 

The pH of the reaction mixture was brought to 6.8 with 1 N 
NaOH and the neutralized solution adsorbed on a column of 
Dowex-1-formate (1 X 24cm). The column was washed with 
100 ml of water and the elution initiated with 0.01 Nn formic 
acid. All chromatographic fractionations were carried out in 
The flow rate was adjusted to 0.5 ml per 
minute and 10-ml fractions were collected. Aliquots of the 
various fractions were plated and their C™ content determined 
in a Geiger-Muller proportional counter. 

The elution pattern of the radioactive products, illustrated in 
Fig. 3, revealed the presence of two incompletely separated peaks. 
The hatched area, corresponding to tubes 72 through 76, con- 


- tained products common to both peaks and was rejected. The 


remaining tubes of each fraction were pooled and labeled Frac- 
tion A and Fraction B, respectively. Both fractions were con- 
centrated to dryness in a vacuum at 40° to remove the formic 
acid and the residual material was dissolved in a small amount of 
water. The somewhat turbid solutions were treated with Darco 
and filtered to yield 1 to 2 ml of a clear filtrate. 

Identification of Reaction Products—Colorimetric analysis of 
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Fic. 2. Proportionality of disappearance of diketogulonic acid 
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Fic. 3. Elution pattern of L-ascorbie acid metabolic products 
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both fractions revealed the absence of pentoses (14), a-keto acids 
(15), and reducing sugars (16). Upon treatment with the FeCl;- 
hydroxamic acid reagent (11) a strongly positive reaction was 
obtained in both fractions. When the samples were neutralized 
with 1 n NaOH before the addition of hydroxamic acid, there 
was a complete absence of color development. These results are 
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consistent with the behavior of the lactone of a carboxylic acid. 
Under neutral conditions, both samples rapidly consumed peri- 
odic acid with concomitant formation of formaldehyde as deter- 
mined by chromotropic acid (17). 

The metabolic samples were subjected to descending paper 
chromatography in four solvent systems as follows: (1) ethyl 
acetate-acetic acid-water (3:1:3); (2) water saturated butanol- 
formic acid (95:5); (8) n-propanol-formic acid-water (6:3:1); 
and (4) n-butanol-ethanol-water (5:1:4). The papers were 
developed with AgNO; (18) and with FeCl;-hydroxylamine (19). 

Fraction A was shown to contain a single rapidly moving 
component which migrated together with the lactones of ribonic, 
arabonic, and xylonic acids. Further chromatographic resolu- 
tion of these lactones was unsuccessful. Fraction B similarly 
contained a single component which cochromatographed in all 
the solvent systems with lyxonolactone and could be clearly 
differentiated from Fraction A. In the solvent systems em- 
ployed, both erythrono- and threonolactone migrated more 
rapidly than either of the metabolic products and could be elim- 
inated from further consideration. The analogous hexonic acid 
lactones of gulonic and galactonic acids were similarly differ- 
entiated on the basis of their relatively slow rate of migration. 

Upon the assumption that the specific radioactivity of the 
reaction products had remained unchanged from that of the 
original L-ascorbic acid-6-C™ used as the substrate, an estimation 
of the amount of product present in each fraction was calculated 
from the total radioactivity recovered. A comparison of the 


TABLE I 
Analysis of metabolic reaction products 








Fraction A Fraction B 
Total C™ (c.p.m.) 3.15 X 105 | 1.78 X 105 
% recovery of C' 32.5 18.2 
Yield in zmoles* 18.2 10.3 
Yield in zmolest 20.6 11.1 
Yield in wmolest 16.5 8.0 











* Calculated on the basis of radioactivity recovered. 

t Calculated on the basis of the amount of formaldehyde liber- 
ated by periodic acid treatment as determined by chromotropic 
acid (17). 

¢ Calculated on the basis of the amount of hydroxamic acid 
reacting material present (11). 


TaBLeE II 
Derivatives of Fraction A with carrier t-xylonolactone 














Brucine salt* Pe. 
Ist crystallization (¢.p.m./mg) 16.1 13.1 
2nd crystallization (c.p.m./mg) 16.1 13.2 
3rd crystallization (c.p.m./mg) 16.2 12.6 
Melting point 177-178° 57-58° 
lalp +24.3° 





*To an aliquot of Fraction A were added 75 mg of carrier L- 
xylonolactone. The brucine salt was prepared (21) and recrys- 
tallized successively from 90% ethanol. 

t To an aliquot of Fraction A were added 60 mg of carrier L- 
xylonolactone and the sample reduced to xylitol with potassium 
borohydride (4). Xylitol pentaacetate was prepared (24) and 
recrystallized successively from petroleum ether-benzene (2:1). 


Lt-Lyxonic and t-Xylonic Acids 


Vol. 235, No. 9 


TaBLe III 


Disappearance of dehydroascorbic ucid and diketogulonic acid 
in presence of intact and heat inactivated enzyme 

To the assay tubes containing either dehydroascorbate or di- 
ketogulonate, in the amounts listed in the table below, were added 
10 units of the partially purified rat kidney enzyme and Krebs- 
Ringer-phosphate buffer, pH 6.8, to a final volume of 1.0 ml. In 
each case a boiled enzyme control, heated to 100° for 5 minutes, 
was included. The samples were incubated for 30 minutes at 37° 
and the reaction stopped by the addition of 0.04 ml of 100% tri- 
chloracetic acid. The residual substrate was assayed as described 
in the section on ‘‘Methods.’’ 














| Zero time 30 minutes 
Enzyme | 
Dehydroascor- Diketogu- Dehydroascor- Diketogu- 
ic aci lonic acid bic acid lonic acid 
pmoles pmoles pumoles pumoles 
Active 10.0 0.0 1.65 4.00 
Boiled 10.0 0.0 1.35 7.75 
Active 0.0 6.0 0.0 1.85 
Boiled 0.0 6.0 0.0 6.35 














yield, calculated in this manner, with the yield calculated from 
the hydroxamic acid and the periodic-chromotropic acid data is 
summarized in Table I. 

Identification of t-Xylonolactone—From a consideration of the 
structural configuration of the starting material and from the 
above described analytical values, the metabolic product isolated 
in Fraction A was presumed to be the lactone of L-xylonic acid. 
The optical rotation of this sample was strongly negative and 
approximated the reported value of —91.8° for L-xylonolactone 
(20). Identification of Fraction A as L-xylonolactone was ob- 
tained by carrier dilution experiments in which brucine 1- 
xylonate and xylitol pentaacetate were prepared and crystallized 
to constant specific activity.2 The physical constants of the 
derivatives are recorded in Table II. 

Identification of t-Lyxonolactone—The identity of the second 
compound, Fraction B, which had been shown to cochromato- 
graph with t-lyxonolactone was further established by carrier 
dilution experiments. To an aliquot of Fraction B were added 
15 mg of carrier t-lyxonolactone and the phenylhydrazide de- 
rivative prepared (22). After several recrystallizations from 
90% ethanol, the specific activity of the derivative remained 
constant at 307 c.p.m. per mg. The optical rotation of the 
product was [a]}* + 13.7° and the melting point was 163°. To 
check the specificity of this procedure for the L-isomer, the 
experiment was repeated with p-lyxonolactone as carrier. In 
this case, the radioactivity of the phenylhydrazide derivative 
fell to less than 5 c.p.m. per mg after the first crystallization. 

Properties of Enzyme—The marked dependence of the de- 
carboxylation reaction upon oxygen was completely eliminated 
when either dehydroascorbic or diketogulonic acid was substi- 
tuted for L-ascorbic acid. With these substrates, the reaction 
proceeded equally well in air, oxygen, or helium. 

In order to determine which of the two oxidation products of 
L-ascorbic acid was the immediate precursor of the decarboxyla- 


2 Attempts to prepare the phenylhydrazide derivative of L- 
xylonolactone according to the procedure of Neuberg (21) were 
unsuccessful although a crystalline product melting at 129°, in 
agreement with the reported value, was obtained. Further in- 
vestigation revealed this compound to be the salt, phenylhydra- 
zine acetate. 





Septe 


tion r 
prod 
Ill tl 
diketi 
appet 
diket 
enzy! 
any | 
prese 
Earli 
decat 
rathe 
are | 
form 
ketog 
in T 
acid 

Sp 
appe 
keto- 
from 
lized 
prod 
disti 
insta 
chro 
dike 
acid, 
syste 

E 


r di- 
dded 


utes, 





gu- 
cid 





| own a 


from 
ata is 


f the 
n the 
lated 
acid. 
> and 
ctone 
s ob- 
ne L- 
llized 
f the 


econd 
mato- 
arrier 
udded 
le de- 
from 
ained 
f the 
. To 
r, the 
. 
vative 
n. 

e de- 
nated 
ubsti- 
action 


cts of 
oxyla- 


of L- 
) were 
9°, in 
er in- 
1ydra- 





September 1960 


tion reaction, both compounds were incubated separately and the 
products determined. It can be seen from the data in Table 
III that dehydroascorbic acid was almost entirely converted to 
diketogulonic acid in the boiled enzyme and less than 10% dis- 
appearance of total ketohexonic acids was observed. When 
diketogulonic acid was incubated in the presence of the boiled 
enzyme, there was no disappearance of substrate nor was there 
any demonstrable formation of dehydroascorbic acid. In the 
presence of the untreated enzyme both substrates disappeared. 
Earlier studies (1) had previously established that the rate of 
decarboxylation was significantly greater when diketogulonate 
rather dehydroascorbate was used as substrate. These results 
are consistent with the concept that dehydroascorbic acid, 
formed by the oxidation of L-ascorbic acid, is converted to di- 
ketogulonic acid which undergoes decarboxylation. The data 
in Table III suggest that the conversion of dehydroascorbic 
acid to diketogulonic acid may occur nonenzymatically. 

Specificity—The enzyme preparation described here does not 
appear to have a high degree of specificity. In addition to di- 
keto-L-gulonic acid, the analogous diketohexonic acids prepared 
from D-ascorbic and pD-araboascorbic acid were actively metabo- 
lized. Paper chromatographic examination of the reaction 
products indicated, in each case, the formation of products in- 
distinguishable from the expected pentonic acid lactones. For 
instance, D-xylonic acid and pb-lyxonic acids were identified 
chromatographically as products of the decarboxylation of 2,3- 
diketo-p-ascorbic acid. The diketo analogue of p-glucoascorbic 
acid, on the other hand, proved to be completely inert in this 
system. 

Enzyme Distribution—Survey experiments with various tissues 
have shown that the formation of pentonic acids from dehydro- 
ascorbic and diketogulonic acids is not restricted to the rat kid- 
ney and the reaction has been shown to take place in guinea 
pig, hog, and calf kidneys as well as in the livers of both rats 
and guinea pigs. 

Inhibitors and Activators—A complete inhibition of enzymatic 
activity was observed upon the addition of 8-hydroxyquinoline, 
10-5 m, diethyldithiocarbamate, 10-* m, and p-chloromercuri- 
benzoate, 4 X 10-* m. Dialysis of the enzyme against 8-hy- 
droxyquinoline, 10-* m, followed by dialysis against 0.01 m po- 
tassium phosphate buffer at pH 8.5 to remove the inhibitor, 
resulted in complete loss in activity. The activity could not 
be restored by a Kochsaft or by the addition of Cu++, Fe**, 
Mg**, or Mn*+, 10- m, to the dialyzed preparation, although 
some disappearance of diketogulonate was observed in the pres- 
ence of Cutt, 10-2 m, alone. The dialyzed enzyme was un- 
affected by the addition of glutathione, mercaptoethanol, or 
cysteine at a concentration of 10-* m, although, here too, at 
higher concentrations, nonenzymatic decarboxylation of diketo- 
gulonate was observed. Ethylenediaminetetraacetate, 10-? m, 
NaF, 10-* m, KCN, NaNs, and iodoacetate at 10-* m were all 
without effect upon the activity of the enzyme. 


DISCUSSION 


Although the physiological function and metabolism of L- 
ascorbic acid has been studied intensively, little information of 
a specific nature is available concerning either the mode of ac- 
tion or the further metabolism of this vitamin. Small amounts 
of oxalate derived from t-ascorbic acid have been shown by 


*The metabolism in vivo of p-ascorbic acid-1-C' has been 
demonstrated in guinea pigs and rats (23). 
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experiments in vivo with rats (8), guinea pigs, (25), and human 
subjects (26), but no such oxalate formation has been shown by 
enzymes in mammalian tissues. More recently, Chan et al. (3) 
have reported the formation of L-xylose resulting from the action 
of a guinea pig liver supernatant fraction upon dehydroascorbic 
acid. Although the physiological significance of this observa- 
tion is not yet clear, it is to be noted that the yield of this pen- 
tose constituted only a small fraction of the total amount of the 
overall reaction. 

The results of the present study indicate that the major meta- 
bolic products of L-ascorbic acid metabolism in the rat kidney 
are L-xylonic and L-lyxonic acids. To the best of our knowledge, 
this is the first report of the formation of these pentonic acids 
in mammalian tissues. It is interesting to note, however, that 
an enzyme system in calf lens has been reported to carry out the 
DPN-linked oxidation of p-xylose with the formation of p-xy- 
lonic acid (27). 


SUMMARY 


An enzyme system capable of decarboxylating dehydro-t- 
ascorbic acid and 2,3-diketo-L-gulonic acid has been partially 
purified from rat kidney. The products of the reaction have 
been identified as L-lyxonic and t-xylonic acids. 
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The problem of the physiological function of inositol! dates 
back to the studies of Eastcott (1), who was the first to demon- 
strate that inositol is required for the growth of a strain of yeast. 
After these initial observations, many other strains of yeast have 
been shown to require inositol for maximal growth (2). Several 
fungi (3-5) and higher animals (6, 7) are known that require 
inositol as an essential nutrient. Recent studies have extended 
these observations to mammalian cells grown in vitro (8-10). 
Although these studies establish the requirement of inositol for 
normal growth, nothing is known of its function nor of any 
distinctive metabolic aberration resulting from its absence. 
Smith (11) reported the formation of cell-aggregates in Saccharo- 
myces carlsbergensis as a result of inositol deficiency. He also 
observed that the deficient cells oxidized glucose at a normal 
rate. 

We have undertaken a study of the biochemical function(s) of 
inositol in yeast, and the present communication deals with the 
effect of inositol deficiency on the viability and growth of yeast 
cells, their respiratory activity, and their content of enzymes of 
the respiratory chain. Chemical analyses of various cell constit- 
uents revealed that inositol deficiency results in the formation of 
abnormal cell walls which contain 2 to 3 times as much glucan 
as those of normal cells. In agreement with Smith (11) we have 
observed the formation of large cell-aggregates in inositol-defi- 
cient cultures. 


EXPERIMENTAL PROCEDURE 


Growth Medium and Culture Conditions—The yeast used in 
this work, S. carlsbergensis 4228, was obtained from the American 
Type Culture Collection. It was maintained on Bacto-Sabour- 
aud-dextrose-agar slants which were stored in the refrigerator. 
The inoculum for liquid cultures was prepared from slants grown 
for 24 hours at 30° by suspending the yeast in a small volume 
of sterile 0.9% NaCl solution. For large scale cultures the 
inoculum was prepared from a 24 hour culture grown in 500 ml 
of the complete medium described in Table I. The cells were 
centrifuged under sterile conditions and washed three times by 
suspending them each time in 200 ml of sterile 0.9% NaCl solu- 
tion followed by centrifugation. The washed cells were sus- 
pended in a small volume of sterile 0.9% NaCl solution and used 
to inoculate the large scale cultures. The deficient medium had 
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the same composition as the complete medium except that ino- 
sitol was omitted. 

Viability measurements were performed by plating aliquots of 
the cell suspension on Sabouraud-dextrose-agar Petri dishes, and 
after 24 hours of incubation at 37°, the colonies formed were 
counted. Cell counts were performed microscopically with a 
Levy counting chamber. 

Respirometry and Spectrophotometric Measurements—The rate 
of oxygen utilization by cell suspensions in the presence of various 
substrates was measured by the oxygen electrode method of 
Chance and Williams (12). The activity of the enzymes of the 
respiratory chain of normal and inositol deficient cells was 
measured spectrophotometrically in the split-beam recording 
spectrophotometer described by Chance (13). With glucose and 
ethanol as the reducing substrates, the absorption bands of the 
respiratory components were obtained. From the difference 
spectrum (reduced minus oxidized) and known molar extinction 
coefficients, it was possible to calculate the amount of the various 
components of the respiratory chain. 


Procedure for Estimation of Carbohydrates 


The yeast carbohydrates can be classified into two general 
groups: (a) the structural polysaccharides which are components 
of the cell wall and (6) the reserve carbohydrates. Glucan and 
mannan belong to the first group and glycogen and trehalose 
comprise the reserve carbohydrates. Small and _ variable 
amounts of hexose and hexose phosphates are also present, de- 
pending on the nutritional state of the yeast. The procedure 
followed for the estimation of these carbohydrates was a modi- 
fication of the methods described by Trevelyan and Harrison 
(14), and by Northcote and Horne (15). The following is a 
description of the method used in the present studies. 

Step 1. Acid-soluble Carbohydrates—To the washed, packed 
cells (3 to 8 X 108) 2 ml of 10% trichloroacetic acid were added 
and the suspension was allowed to stand with occasional stirring 
at room temperature for 30 minutes. The cell suspension was 
diluted with 3 ml of distilled water and the insoluble material 
was separated by centrifugation. The precipitate was resus- 
pended in 2 ml of 4% trichloroacetic acid followed by centrifuga- 
tion. The combined supernatant fluids comprise the acid-soluble 
carbohydrate fraction. 

Step 2. Removal of Lipids—The precipitate from Step 1 was 
suspended in 2 ml of 95% ethanol and centrifuged. The ethanol 
extraction was repeated once more, and the insoluble fraction 
was extracted for 5 minutes with 2 ml of a boiling mixture of 3 
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volumes of diethyl ether and 1 volume of ethanol. The precipi- 
tate was recovered by centrifugation, and the ether-alcohol 
extraction was repeated twice more. The last trace of solvent 
was removed by a stream of air. 

Step 3. Isolation of Glucan—The material obtained from the 
previous step was suspended in 0.8 ml of 30% KOH (weight per 
volume) and was placed in a boiling water bath for 20 to 30 
minutes. It was cooled to room temperature and centrifuged 
for 10 minutes at 2500 x g. The precipitate thus obtained 
contains all of the glucan and less than 5% of the total glycogen 
whereas the supernatant fluid contains all of the mannan and 
more than 95% of the glycogen. One can obtain similar results 
by using 2 ml of 3% KOH for 12 hours at 100°, in agreement 
with the observation of Northcote and Horne (15). In separate 
experiments in which yeast cell walls were prepared by mechan- 
ical rupture of the yeast, it was founc that glucan remains insol- 
uble by the alkaline treatment described above. The glucan 
fraction was washed twice with 0.5 ml of distilled water and the 
washings were combined with the original supernatant fluid to 
form the mannan-glycogen fraction. 

In order to remove the last traces of glycogen still present in 
the glucan fraction, the latter was extracted with 1 ml of 0.5 N 
acetic acid at 75° for 6 hours. After centrifugation, the glucan 
fraction was washed twice by suspension in 1 ml of 0.5 N acetic 
acid and again centrifuged. The amount of glucan thus ob- 
tained and the glycogen present in the acetic acid extract were 
estimated colorimetrically by the “anthrone” method described 
later. 

Step 4. Isolation of Mannan and Glycogen—To the solution 
containing the mannan-glycogen fraction (see Step 3), absolute 
ethanol was added to 70% final concentration, and the mixture 
was placed in hot water until it began to boil. It was cooled to 
room temperature and then placed in the refrigerator for 15 to 
18 hours. The precipitated polysaccharides were centrifuged, 
resuspended in 3 ml of 66% ethanol, and recentrifuged. The 
pale yellow precipitate was dissolved in 1 ml of distilled water 
and 2 ml of absolute ethanol were added slowly with thorough 
mixing. The cloudy solution was warmed for 2 minutes in a 
water bath at 50° and then placed in the refrigerator overnight. 
The white precipitate containing the polysaccharides was centri- 
fuged, resuspended in 2 ml of 66% ethanol, and again centrifuged. 
The precipitate was freed from ethanol by a stream of air and 
was dissolved in 5 ml of 2 N H.SO,. Aliquots of this solution 
were used in the assays for the estimation of mannan and glyco- 
gen. By this method the recovery of both mannan and glycogen 
was invariably better than 97%, as determined by the amount 
of anthrone-reactive material remaining in the various superna- 
tant fluids through the entire operation of Step 4. 

Estimation of Mannan and Glycogen—In order to estimate 
colorimetrically the amount of glycogen and mannan by any of 
the carbohydrate reagents, it is necessary first to separate the 
two polysaccharides, since the available reagents do not distin- 
guish between them. Attempts to precipitate the mannan 
selectively as the insoluble copper complex (16) met with some 
difficulty because of the small quantities of mannan present. 
Therefore, for the quantitative estimation of glycogen, use was 
made of a selective enzymatic assay in which glucose, derived 
from the acid hydrolysis of the glycogen-mannan fraction, was 
estimated by the glucose oxidase method. Mannose is com- 
pletely inert in this assay. The amount of mannan was esti- 
mated from the total optical density obtained in the anthrone 
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TABLE I 
Composition of complete medium for growth 
of Saccharomyces carlsbergensis 
The salts solution was autoclaved at 20 pounds for 15 minutes. 
The remaining solutions were sterilized by filtering them through 
bacteriological filters. 








Composition Amount 
GTuoeea. 3.5. Oe ee eae 20.0 g 
Potassium oitrate . 6 6.5...6.:.4000 bene eee 5.0¢g 
Cite Bed BURA eS 10g 
(NH,) 280, bolas Sidhe a's ol Mie Rehie eM ene wee Cen e 1.9 4 
2: 5 A Peeres ie eee ae ane Bios ct 0.6¢g 
Me issor,o ores os beans owen ee ee 0.4g 
ao os ocd + do G0 sin wnth el ea ee 125.0 mg 
| Ga mre tig Mere SS yoy at 2.5 mg 
es onic vie ge vs eae Cinta PRO 2.5 mg 
MEVO-SROMINGL. <<. «iGo segus ou Lae Tae 10.00 mg 
Calcium pantothenate................... 3.50 mg 
Pyridoxine hydrochloride................ 0.25 mg 
Thiamine hydrochloride................. 0.25 mg 
Biotin... |. 5... 2. kes WA 0.03 mg 
L.-T vyptophan:....\. vs iFb cae 7.30 mg 
Casein: hydrolysate® | i! (ccciies tes, ainleas 40 ml 
Distilled water to 1-liter final volume 








* This was an acid, vitamin-free, casein hydrolysate obtained 
from Nutritional Biochemical Corporation. 


test (contributed by both glucose and mannose) after correction 
for that contributed by the glucose alone. The magnitude of 
the latter was obtained from a standard curve in which pure 
glucose was used as the reference standard in the anthrone test. 
The conditions for the acid hydrolysis of the glycogen-mannan 
fraction were as follows: 1 ml of the acid solution (2 n H.SO,) 
containing the mannan and glycogen was hydrolyzed for 2 hours 
at 100°. The hydrolyzed sample was diluted to 10 ml with water 
and was neutralized with solid BaCO;. The resulting BaSO, 
was removed by centrifugation and was washed twice by sus- 
pension in 5 ml of distilled water. The supernatant fluids from 
the two washings were combined with the original supernatant 
fluid and the resulting solution was passed through a 9 x 0.8 cm 
column of IR-120 (H*) resin in order to remove any remaining 
barium ions. The column eluate was neutralized to pH 7.0, and 
measured aliquots were used in the glucose-oxidase assay and 
in the anthrone method for total carbohydrate, as described 
later. The recovery of glycogen and mannan, as determined 
by the anthrone method, was better than 97% of the amount 
present before the acid hydrolysis. Furthermore, when pure 
glycogen and mannose were exposed separately to the same 
procedure mentioned above, the recovery of glycogen was 98 to 
100% as determined by the glucose-oxidase assay, and that of 
mannose was 97% as determined by the anthrone method and 
by the amount of reducing carbohydrate present (17). 
Estimation of Glucose by Glucose Oxidase—In this assay glucose 
is oxidized to gluconic acid by glucose oxidase with the simul- 
taneous formation of HO. The latter reacts with a chromo- 
genic reducing substance in the presence of peroxidase and the 
color formed, which is proportional to the glucose present, is 
measured at 400 mu. The source of glucose oxidase, peroxidase, 
and chromogen was a commercial product, Glucostat, which was 
obtained from the Worthington Biochemical Corporation. Two 
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milliliters of a sample containing 1 to 80 ug of glucose were pi- 
petted into a test tube followed by the addition of 2 ml of Gluco- 
stat reagent. The mixture was incubated at 30° for 30 minutes 
and the reaction was stopped by the addition of 1 drop of 4 N 
HCl. The optical density of the colored solution was measured 
at 400 my against a reagent blank. At the same time, a series 
of samples containing known amounts of glucose was run in the 
Glucostat assay and from the optical densities obtained the 
amount of glucose present in the experimental sample was cal- 
culated. 

Estimation of Carbohydrate by Anthrone Method—One milliliter 
of the test solution containing 5 to 50 ug of glucose, or 10 to 100 
ug of mannose, was pipetted into a test tube and placed in ice. 
An ice-cold solution, 2 ml, of anthrone reagent (2 mg of anthrone 
per ml of concentrated H.SO,) was added, and the mixture was 
shaken while the tube was held in the ice bath. The tube was 
placed in a water bath at 90° for 16 minutes and was then cooled. 
The density of the color was read at 625 my against a reagent 
blank processed at the same time. The extinction coefficient for 
glucose was 0.0510 per wg of glucose per ml, whereas that of 
mannose was 0.0252 per wg of mannose per ml. 

Purity of Glucan and of Mannan-Glycogen Fractions—The ab- 
sence from these fractions of other carbohydrate material was 
ascertained by paper chromatography of an acid hydrolyzate 
of these fractions according to the conditions described under 
“Estimation of Mannan and Glycogen.”’ Four solvent systems 
were used in ascending paper chromatography: n-butanol-acetic 
acid-water (100:21:50); ethanol-H,O (85:15); ethyl acetate- 
pyridine-water (120:50:40); and isopropanol-n-butanol-water 
(140:20:40). The spots were revealed by alkaline silver nitrate 
(18). In all four systems the glucan yielded one spot migrating 
as authentic glucose whereas the mannan-glycogen fraction 
yielded two spots migrating as glucose and mannose respectively. 


Procedure for Estimation of RNA, DNA, and Protein 


For the estimation of the RNA, DNA, and protein content of 
the yeast cells, the method of Ogur et al. (19) was used. The 
amount of RNA was estimated by the orcinol method for pen- 
tose (20) and the results were expressed as ““RNA-pentose”’ with 
pure adenosine 5’-phosphate as the reference standard. DNA 
was estimated by Burton’s diphenylamine method (21) with 
herring-sperm DNA of 84% purity (based on a phosphorus con- 
tent of 7.7%) as reference standard. The values were corrected 
to 100% purity. 

The residue remaining after removal of the nucleic acids was 
washed twice by suspension each time in 2 ml of distilled water, 
followed by centrifugation. The washed residue containing the 
protein and cell-wall polysaccharides was suspended in 2 ml of 
1 nw NaOH in a glass-stoppered Pyrex tube and placed in a water 
bath at 50° for 16 to 18 hours. It was then centrifuged to re- 
move insoluble glucan and the supernatant fluid was used in 
the spectrophotometric estimation of protein at 280 my. As 
standard reference, crystalline bovine albumin was used which 
was exposed to the same treatment. The extinction coefficient 
for albumin was 0.789 per mg of albumin per ml, and the range 
of the method is 0.025 to 1.5 mg of protein per ml. 


RESULTS 


Growth—When yeast was grown in the absence of inositol, a 
striking change of the division process occurred culminating in 
the formation of big aggregates of cells resulting from the in- 
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ability of the bud to separate from the parent cell. The size of 
these aggregates increased progressively; and after 18 hours of 
growth, clumps consisting of 30 to 50 cells each comprised more 
than half of all the cells present. The rest were clumps ranging 
in size from 3 to 10 cells each. Occasional single cells were also 
observed. Fig. 1 represents typical growth curves of this yeast 
grown with and without inositol. Because of the formation of 
big cell-aggregates in the inositol-deficient culture, it was not 
possible to determine accurately the extent of growth from tur- 
bidity measurements. The cell count includes all visible buds 
as seen in a Spenser binocular microscope at a magnification of 
430. The cell-aggregates resulting from inositol deficiency are 
shown in Fig. 2. 
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Fic. 1. Growth curves of Saccharomyces carlsbergensis grown 
with and without inositol. 





Fic. 2. Saccharomyces carlsbergensis grown in the absence of 
inositol. Note the large cell-aggregates. 
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Reversibility of Inositol Deficiency and Cell Viability—The gross 
changes that result from inositol deficiency resemble those 
brought about by unbalanced growth in a variety of organisms 
(22). In these organisms, unbalanced growth leads to irreversi- 
ble structural changes culminating in the death of the cells 
(inability to form colonies). Experiments were, therefore, per- 
formed to determine the viability of yeast cells grown in the 
jnositol-deficient medium and the possible reversibility of this 
state of inositol deficiency. 

To test for reversibility, yeast cells grown in the inositol-de- 
ficient medium for 20 hours were harvested by centrifugation 
and resuspended in fresh medium supplemented with inositol 
at a density of 10° cells per ml. Growth was allowed to proceed 
with stirring at 30°. A sample of the cell suspension that was 
used as inoculum was examined microscopically in order to esti- 
mate the number and size of morphological “units’’ (single cells 
and cell-aggregates). At various intervals after initiation of 
the culture, samples were withdrawn and the number and size 
of the “units” were estimated microscopically. The growth 
curve obtained over a 10-hour period exhibited a normal dou- 
bling time of 80 minutes. These results suggested that the 
consequences of inositol deficiency are reversible and that the 
yeast cells, when supplemented with inositol, multiply as normal 
cells producing normal progeny. However, on closer examina- 
tion, it was observed that the culture still contained cell-aggre- 
gates with a size distribution not significantly different from 
that of the inoculum. This was true even 10 hours after growth 
in the complete medium. Since in the presence of inositol no 
cell-aggregates are formed, it is concluded that the observed 
cell-aggregates are those that were introduced with the inocu- 
lum. Thus, although the cell-aggregates could not reverse to 
single cells, they produced normal progeny of singles and dou- 
bles. 

As a result of the observations described above, it became 
important to determine whether the “units” obtained from an 
inositol-deficient culture were all viable and whether viability 
was, in any way, related to the size of the cell-aggregate. Yeast 
cells were grown separately in media with and without inositol 
and at various intervals samples were removed for estimation 
of the number of “units” by microscopic count and by plating 
on agar plates. The results of such an experiment are summa- 
rized in Table II. It is seen that the number of colonies ob- 
tained agrees within experimental error with the number of 
“units” plated. It is thus concluded that at least one cell from 
each “‘unit’’ (irrespective of size) is viable, giving rise to a colony. 

Breaking of Cell-Aggregates into Smaller Units—In order to 
determine whether more than one cell of each cell-aggregate is 
viable, the following experiment was performed. Yeast cells 
in their logarithmic growth were obtained from the complete 
and the inositol-deficient media and were suspended separately 
in sterile 0.9% NaCl solution. The number of cells and “units’’ 
(single cells and cell-aggregates) was estimated by microscopic 
count and a measured aliquot from each cell suspension was 
subjected to sonication in the 8.9 kilocycle Raytheon oscillator, 
model R-223, for 35 minutes at 3°. These conditions were 
chosen because they bring about maximal fragmentation of big 
cell-aggregates into single cells or smaller cell-aggregates, and 
at the same time they caused minimal breakage of single cells. 
The viability of the ‘units’ was determined before and after 
sonication as described in “Experimental Procedure.” The re- 
sults of this experiment are summarized in Table III. It will 
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TABLE II 
Effect of inositol deficiency on viability of yeast cells 
Inositol-supplemented Inositol-deficient 
Duration of growth 4 ‘ 
Units plated*| Golonies | Units plated* | Colonies 

hrs 
8 54 57 108 112 
11 63 56 92 84 
14 74 80 108 120 
17 76 68 99 80 
20 111 80 115 100 
32 95 85 35 36 
35 88 77 189 200 
38 97 86 219 249 
41 97 116 153 143 

















* A unit is a single cell or a cell-aggregate. Units were esti- 


mated microscopically. 


be noticed that sonic treatment caused a 2.5-fold increase in the 
number of “units” of the inositol-deficient series, with the latter 
at a viability of at least 76%. This figure is a minimal one 
since sonication causes irreversible damage and breakage of the 
cells. An interesting finding that was obtained from this ex- 
periment is the fact that sonication can cause death even before 
the cell is broken up. This is indicated by the extensive loss 
of viability (58%) observed with the cells grown in the complete 
medium even though only 33% of the cells were broken. Fur- 
thermore, the formation of cell-aggregates, as a result of inositol 
deficiency, rendered the cells more resistant to the “killing” 
action of the sonic treatment. Thus, the viability after sonica- 
tion was 76% with cells grown without inositol as compared to 
42% obtained with cells grown with inositol. 

A number of other methods were tried to break the cell-aggre- 
gates into smaller units without success. These included: (a) 
shaking the cell suspension in the presence of inositol for 3 
hours; (6) incubating with urea (1 and 8 m) for 1 hour; (c) in- 
cubating with 20% maltose; and (d) exposing the cells to the 
action of an extract of Helix pomata which is known to produce 
yeast protoplasts (23), a fact confirmed in our studies. 


TaBLeE III 
Viability of cells and cell-aggregates after sonic treatment 
The conditions of sonication are given in the text. 











| Complete medium Inositol-deficient medium 
Measurements 
Before After Before After 
sonication* | sonication | sonication* | sonication 
Celle pee wal? 50 | 11 x 10% 8.5 x 108 4.2 x 108 3.8 x 108 
“Units”? per mlf.....| 7.9 X 108 6.1 X 108 6.1 X 107) 1.5 x 108 
‘“Units’’ platedf.... | 92 101 
Colonies obtained... .| 39 76 
Percentage of cells | 
rs 33 10 
Percentage of | 
“units” viable... . i 42 76 














* The viability of ‘‘units’’ obtained from the logarithmic phase 
has always been found to range between 97 and 100%. For defi- 
nition of ‘‘unit,’’ see Table II. 

t Estimated microscopically. 
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Inositol Deficiency and Ability of Yeast Cells to Oxidize Glucose, 
Ethanol, and Acetate—Although the preceding morphological 
findings represent an outstanding feature of inositol deficiency 
in yeast, they offer no information regarding the biochemical 
events that led to these changes. In an attempt to relate these 
morphological changes to possible abnormal metabolism of the 
yeast, experiments were performed designed to test various 
metabolic activities of the yeast grown in inositol-deficient 
media. Since in our studies glucose served as the source of 
energy, it was decided to determine the effect of inositol depri- 
vation on the ability of yeast to oxidize glucose, ethanol, and 
acetate. The results of such an experiment are summarized in 
Table IV. It is seen that the ability of yeast grown in inositol- 
deficient medium to oxidize these substances is equal to or 
greater than that of yeast grown in the presence of inositol. 
With all three substrates tested, the rate of oxygen utilization 
was constant until almost all oxygen was used. Similar results 
were obtained with yeast harvested at the end of 15 or 30 hours 
of growth. 

Components of Respiratory Chain—Since inositol is found in 
significant amounts in the cellular particulates of mammalian 
cells (24) and in the insoluble residue of disrupted yeast (25), 
it became important to obtain direct information on the activity 
and amount of various components of the respiratory chain of 
yeast grown in an inositol-deficient medium. The yeast cells 
obtained from the experiment described previously (see Table 
IV) were examined in the split-beam recording spectrophotom- 
eter with glucose and ethanol as reducing substrates. From 
the difference spectrum (reduced minus oxidized) thus obtained 
and known molar extinction coefficients, the concentration of 
various members of the respiratory chain was calculated (13). 
The conditions of these experiments and the results obtained are 
summarized in Fig. 3. It is seen that the concentrations of 
most cytochromes are higher in the inositol-deficient cells, par- 
ticularly of cytochrome b, which is 50% greater in the deficient 


TABLE IV 

Respiration of yeast grown in complete and inositol-deficient media 

Yeast cells grown in the respective media (see ‘‘Experimental 
Procedure’’) for 45 hours were harvested and washed three times 
by suspending them in 20 volumes of distilled water followed by 
centrifugation. Oxygen utilization was measured in 3 ml cuvettes 
by the oxygen electrode method (12). Each cuvette contained 
3 ml of 0.06 m phosphate buffer, pH 7.0, 8 X 10’ cells (2.64 mg dry 
weight) and substrates as shown at a final concentration of 0.01 
M. Oxygen utilization was graphically recorded and from the 
slope of the tracings the rate was calculated. 














Rate of oxygen utilization 
Additions : : 
Complete medium meee" ~— ae 
pmoles O2/sec/g dry weight* 
None 0.12 0.14 
Glucose 0.50 0.66 
None 0.08 0.09 
Acetate 0.26 0.33 
None 0.08 0.12 
Ethanol 0.40 0.51 
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* Calculated for a final volume of 1 liter. 
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Fic. 3. The absorption bands of the respiratory components of 
Saccharomyces carlsbergensis. The spectrum represents the differ- 
ence between aerobic starved cells and glucose-ethanol-reduced 
anaerobic cells. The right-hand scale applies to the region of 
500 to 650 my and the left-hand scale to the region of 500 to 320 
my. Yeast was grown for 45 hours in complete and inositol-de- 
ficient media and then thoroughly washed with distilled water. 
Cell suspensions containing 4 X 10* cells (about 14 mg dry weight) 
per ml were used in the split-beam recording spectrophotometer 











(13). Glucose and ethanol were used at a final concentration of 
0.01 m. 
TABLE V 
Cellular constituents of Saccharomyces carlsbergensis 
grown with and without inositol 
Average amount during growth period of 2 to 
8 hours* 
Cellular constituents 
Inositol-supplemented | _Inositol-deficient 
ae en ~ Sh 3.1 
RNA (as pentose).......... 49.5 46.2 
I eee Sree 3.3 3.2 
Glycogen (as glucose)....... 84.5 90.4 
Mannan (as mannose)...... 166.8 157.4 














* The amount of protein is expressed in terms of mg per 2 X 10° 
cells. All other constituents are expressed in wg per mg of pro- 
tein. These amounts were fairly constant during this period of 
growth. 


cells. The concentration of flavoproteins was somewhat lower 
in the cells grown in the inositol-deficient medium. However, 
when the cells were examined at the end of 15 or 30 hours of 
growth in their respective media, the concentration of flavopro- 
teins did not vary by more than 12% between the complete and 
the inositol-deficient cultures. 

Cellular Constituents—When the cells were analyzed for their 
protein content at various times during their growth, it was 
found that the protein content per cell remained fairly constant 
during logarithmic growth. Since counting cells is rather cum- 
bersome, and since the protein content of the cells remains fairly 
constant during the experimental period, the data on the nucleic 
acids and polysaccharides were expressed per mg of protein. 
These results are summarized in Table V. It will be noted that 
the absence of inositol from the growth medium did not cause 
significant changes of the nucleic acid, the glycogen, and the 
mannan content of the cells. 

In contrast to these results, the amount of glucan of the cells 








Septe! 


Fie. 
manna 
and m 
spectiv 


grown 
sive in 
10 hou 
increas 
hours 

than t 
inosito 
cells a 
cell we 
in gres 


The 
inositc 
to sep: 
ity, la 
vary i 
cells a 
on ag 
Their 
or gre 
zymes 
effect 
ridine 
chrom 
the fl: 
was 0 
where 
ment 

The 
tions 
8. car 
of ino 
able t 
amou 
and | 
their 
cell-ay 
and t 





© isis uetidaheieits 


S 
OPTICAL DENSITY INCREMENT (cm 


s of 
fer- 
iced 
1 of 


-de- 
ter. 
ght) 
eter 
n of 


< 10° 
pro- 


od of 


ower 
ever, 
rs of 
opro- 
> and 


their 
_ was 
stant 
cum- 
fairly 
icleic 
tein. 
| that 
cause 
1 the 


cells 















September 1960 





F 


8 


é 





GLUCAN / MANNAN 
° 
o 











0.25 e—e + Inositol 4 
o—° — Inositol : 
ey gee et 

TIME IN HOURS 


Fic. 4. Effect of inositol deficiency on the ratio of glucan to 
mannan of yeast cell walls at various times of growth. The glucan 
and mannan were expressed in mg of glucose and mannose, re- 
spectively, per mg of protein. 


grown in the absence of inositol showed a marked and progres- 
sive increase over that of the cells grown with inositol, and at 
10 hours of growth it was twice that of the normal cells. This 
increase of the glucan content became even greater at 18 to 20 
hours of growth, reaching a value which was 3 times greater 
than that of the normal cells. Fig. 4 shows the marked effect of 
inositol deficiency on the ratio of glucan to mannan of the yeast 
cells at different times during growth. It is evident that the 
cell wall of yeast grown in the absence of inositol contains glucan 
in great excess over the mannan. 


DISCUSSION 


The results obtained with yeast cells grown in the absence of 
inositol indicate that, during division, the daughter cells fail 
to separate from the parent cells. As a result of this abnormal- 
ity, large cell-aggregates are formed. The cells of the aggregate 
vary in size and exhibit a prolonged generation time. Single 
cells and cell-aggregates maintain their ability to form colonies 
on agar plates and exhibit normal endogenous respiration. 
Their ability to oxidize glucose, ethanol, and acetate is equal to 
or greater than that of normal cells. With respect to the en- 
zymes of the respiratory chain, inositol deficiency is without 
effect on the concentration of cytochromes a and as; and of py- 
ridine nucleotides, but it causes a significant increase of cyto- 
chrome 6 and a smaller one of cytochrome c. A small drop of 
the flavoprotein content of cells grown in the absence of inositol 
was observed with cells harvested from the stationary phase, 
whereas cells in the logarithmic growth had a normal comple- 
ment of flavoproteins. 

The above findings are in marked contrast to the observa- 
tions of Ridgway and Douglas (26) who reported that cells of 
S. carlsbergensis grown in media containing suboptimal amounts 
of inositol exhibit no oxidative or fermentative activity; are un- 
able to oxidize glucose, ethanol, or acetate; contain very small 
amounts or none of DPN, CoA, and cytochromes a, b, and c; 
and lose their ability to produce colonies on agar plates. In 
their paper the authors made no mention of the formation of 
cell-aggregates. Whether the discrepancies between our results 
and those obtained by Ridgway and Douglas are due to differ- 
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ences in the yeast strain and in the composition of the growth 
media is difficult to say. Smith, using the same strain of yeast 
as the one used in our studies, reported that inositol deficiency 
did not affect the oxygen uptake of yeast cells when glucose was 
the substrate (11). Others have also reported abnormalities 
in the appearance of microorganisms lacking inositol (27, 28). 

The fact that yeast cells grown without inositol are able, when 
supplemented with inositol, to give rise to normal progeny, but 
at the same time are unable to repair their own damage, indi- 
cates that the consequences of inositol deficiency are of a differ- 
ent nature than those leading to death by unbalanced growth 
(22, 26). 

The demonstration that inositol deficiency in yeast results in 
the formation of abnormal cell walls leading to the failure of 
separation of the daughter cells represents the first instance of a 
biochemical aberration associated with inositol deficiency. 
These findings may offer an explanation for the retardation of 
cell multiplication of certain yeasts when grown in the absence 
of inositol. Furthermore, the ultimate elucidation of the mecha- 
nism of action of inositol in the biosynthesis of cell-wall poly- 
saccharides may lead to an understanding of its role in the main- 
tenance and multiplication of mammalian cells grown in vitro. 


SUMMARY 


1. The effect of inositol deficiency on the growth and metabo- 
lism of Saccharomyces carlsbergensis is reported. 

2. It was found that inositol deficiency leads to the formation 
of abnormal cell walls containing glucan in far greater amount 
(as high as 3 times more) than that of cell walls from inositol- 
supplemented cells. As a result of this abnormality, the daugh- 
ter cells fail to separate from the parent cells and large cell- 
aggregates are formed. 

3. Inositol deficiency is of no consequence on the nucleic acid, 
protein, mannan and glycogen content of the cells. Similarly, 
inositol-deficient cells exhibit a normal rate of endogenous respi- 
ration and are able to oxidize glucose, ethanol, and acetate at a 
normal rate. 

4. The concentration of pyridine nucleotides and cytochromes 
a, c, and a3 were not significantly affected by inositol deficiency, 
whereas that of cytochrome b was greater in the cells grown 
without inositol. 

5. The concentration of flavoproteins of the cells grown with- 
out inositol was within normal range during logarithmic growth 
but dropped below normal in cells obtained from the stationary 
phase. 


Acknowledgment—The authors wish to express their gratitude 
to Dr. L. Packer of the Johnson Foundation for his help in the 
recording of the difference spectrum and in the respiration meas- 
urements with the oxygen electrode. 
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I. THE STRUCTURE AND ENZYMATIC SYNTHESIS OF N-ACETYLNEURAMINIC ACID* 


DonaLp G. Comst AND Saut RosEMAN 


From the Rackham Arthritis Research Unit and the Department of Biological Chemistry, 
The University of Michigan, Ann Arbor, Michigan 


(Received for publication, March 14, 1960) 


The sialic acids, a family of compounds derived from neur- 
aminie acid (3-6), are widely distributed in vertebrate tissue 
and have also been isolated from certain strains of bacteria 
(1, 7-9). In general, the sialic acids occur as components of 
complex mucoid substances such as the mucolipids and muco- 
proteins, but are also found in milk as constituents of oligosac- 
charides. This report presents studies on the structure of the 
sialic acids, and of the enzymatic cleavage and synthesis of one 
of these compounds, N-acetylneuraminic acid. 

In a preliminary report (1) evidence was presented for the 
following enzymatic reaction: 


COOH 
COOH i" 
=O 
a bu, 
2 
Pyruvie Acid 
HOH 
d CHO 
CH;CONHCH = d 
CH,;,CONHCH 
HOCH 
: HOCH 
HCOH 
d HCOH 
HCOH b 
HCOH 
H.OH HLOH 
2 


N-Acetylneuraminic acid N-Acetyl-p-mannosamine 


N-acetylneuraminic acid is cleaved to pyruvate and N-acety|-p 
mannosamine. The reaction is reversible, and the enzyme that 
catalyzes this aldolase-type reaction has been named N-acety!- 
neuraminic acid aldolase. This finding has shed light on the 
structure of N-acetylneuraminic acid and was the first observa- 
tion on the natural occurrence of a mannosamine derivative. 
Subsequent investigations have confirmed our preliminary report 
(10-12). 

The purification and properties of the enzyme which catalyzes 


* Preliminary reports (1, 2) have been presented. The Rack- 
ham Arthritis Research Unit is supported by a grant from the 
Horace H. Rackham School of Graduate Studies of The University 
of Michigan. This investigation was supported in part by grants 
from the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health (A-512), the American Cancer So- 
ciety, and from the Michigan Chapter, Arthritis and Rheumatism 
Foundation. 

+ These studies were performed under the tenure of a Postdoc- 
toral Fellowship, American Cancer Society. 
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the above reaction, the characterization of the cleavage prod- 
ucts, and biosynthetic studies are described below. 


EXPERIMENTAL PROCEDURE 


Materials—Crystalline N-AN! was prepared from human blood 
by the procedure of Svennerholm (13). In early studies, p-man- 
nosamine hydrochloride was prepared by the method of Levene 
(14), purified by ion exchange chromatography on Dowex 50- 
resin (15), and crystallized from methanol. Later work was 
conducted with N-acetyl-p-mannosamine synthesized from 
N-acetyl-p-glucosamine by alkaline epimerization (16). Twice 
recrystallized lactic acid dehydrogenase, P-enolpyruvate, DPNH, 
protamine sulfate, and sodium pyruvate-2-C" were commercial 
products. D-Mannosamine 6-phosphate was prepared by treat- 
ing D-mannosamine with ATP and crystalline hexokinase; N- 
acetyl-D-mannosamine 6-phosphate was prepared by chemical 
acetylation of mannosamine-6-P (17).2 N-Acetyl-p-glucos- 
amine, N-acetyl-p-galactosamine, and their respective 6-phos- 
phate esters were prepared as described (17, 18). The authors 
would like to express their appreciation to the following: Drs. 
Edwin A. Popenoe and Ruth Drew for a culture of Clostridium 
perfringens; Dr. G. Blix for samples of sialic acids from bovine, 
equine, sheep, and pig submaxillary mucins; Dr. E. Klenk for a 
sample of methoxyneuraminic acid; and Drs. G. T. Barry and 
W. R. Goebel for a culture of Escherichia coli K-235 and a sam- 
ple of colominic acid. 

Bacterial N—AN—Barry and Goebel (7) noted that E. coli 
K-235 produced an extracellular polymer called colominic acid 
which contained sialic acid. Subsequently, crystalline N-AN 
was isolated after hydrolysis of colominic acid (8). In the pres- 
ent studies, N-AN was isolated directly from the cells as follows: 
15 liters of medium (8) were inoculated with 1 liter of a 12-hour 
culture of E. coli K-235. The cells were grown with aeration at 
37° until logarithmic growth ceased (about 8 hours), collected 
by centrifugation, washed once with water, and suspended in 
400 ml of water. The suspension was adjusted to pH 1.5 with 
2.0 Nn H.SOx,, heated at 100° for 45 minutes, cooled, neutralized 
with BaCO;, and filtered. Absolute ethanol, 3 volumes, was 


1 The abbreviations used are: N-AN, N-acetylneuraminic acid; 
N-AN-aldolase, the enzyme that cleaves N-AN. 

2 The preparation and characterization of crystalline p-man- 
nosamine-6-P will be described elsewhere. This compound, its 
N-acetyl and N-glycolyl derivatives, and N-glycolyl-p-mannos- 
amine were gifts from Dr. George W. Jourdian, to whom we are 
most grateful. 























2530 
' a ' ' 
10F q 
E gL , 
a 
uJ 
a 
a &F 4 
2 > 
” 
a 4F : 
° 
= 
~s 
2 s = 
iL 1 i 
300 400 500 600 


ELUATE VOLUME (ml) 


Fig. 1. Chromatography of human blood and E. coli K-235 
N-AN on Dowex 1-formate form resin. Human blood, O——O; 
E. coli K-235, @——-@. Conditions are described in the text. 


added to the filtrate, and the precipitate was removed by cen- 
trifugation, and discarded. The supernatant solution was evap- 
orated to dryness in a vacuum with the bath maintained at 40°, 
the residue suspended in 20 ml of water, and filtered. The 
filtrate was then applied to a column (2 X 34 cm) of Dowex 1- 
formate resin, 200 to 400 mesh, and eluted in a gradient manner 
with formic acid (750 ml of 0.05 n formic acid in the mixing 
vessel and 2.0 nN formic acid in the upper reservoir). Fractions 
(10 ml) were collected at a flow rate of 0.5 ml per minute. The 
elution pattern is illustrated in Fig. 1 and compared with a 
similar chromatogram with the use of human blood N-AN. The 
fractions containing N-AN were pooled, lyophilized, and the 
dried material crystallized from water-acetic acid; 100 to 200 
mg of crystalline N-AN were obtained. After drying to con- 
stant weight over P.O; and soda lime in a vacuum at 65°, the 
following elementary analyses were obtained on recrystallized 
samples: 


CiuHisNO, (309) 
Calculated: C 42.74, H 6.19, N 4.53, COCH; 13.92 


Found: N-Acetylneuraminic Acid 


E. coli C 42.79, H 6.59, N 3.97, COCH; 11.9 


Human blood C 42.44, H 6.23, N 3.90, COCH; 12.4 


The difficulties in obtaining satisfactory elemental analyses on 
N-AN after crystallization from acetic acid have been noted 
(19). The melting points and optical rotations of the N-AN 
from £. coli and human blood were identical and agreed with 
those reported by Blix et al. (20). Finally, the x-ray powder 
diffraction patterns of N-AN from human blood and E. coli, are 
shown in Fig. 2, and appear to be identical. 

Analytical Methods—The sialic acids were determined with the 
resorcinol reagent (21) and by the direct Ehrlich reaction (22), 


’ Elementary analyses were performed by the Spang Micro- 
analytical Laboratory, Ann Arbor, Michigan. 
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N-acetylhexosamines by a modified Morgan-Elson method (6, 
23), hexosamines by the method of Blix (24), protein by a neph- 
elometric method (25) with crystalline bovine albumin as stand- 
ard, and C™ with a gas flow counter. 

Enzyme Assay—For routine N-AN-aldolase assay, N-AN was 
the substrate and the formation of pyruvate was determined in 
two steps. The reaction mixture for the first step consisted of 
the following in 0.25 ml: 3 umoles of N-AN, 15 umoles of potas- 
sium phosphate buffer, pH 7.2, and 0.1 to 0.2 unit of enzyme. 
After incubation for 15 minutes at 37°, the reaction was stopped 
by heating at 100° for 2.0 minutes. One unit of enzyme is de- 
fined as the quantity that yields 1.0 umole of pyruvate under 
the above conditions in 15 minutes. In the second step, an 
aliquot of the reaction mixture was assayed for pyruvate. The 
solution contained the following in 3.0 ml: 100 umoles of potas- 
sium phosphate buffer, pH 7.4, 0.20 umole of DPNH, and the 
aliquot to be assayed. The optical density was measured in a 
Beckman DU spectrophotometer at 340 my with cuvettes with 
1.0 cm light paths. After the addition of lactic dehydrogenase 
(0.01 mg), the reaction was allowed to proceed to completion 
and the pyruvate concentration estimated by the change in 
optical density. 





Fic. 2. X-ray powder diffraction patterns of N-AN from human 
blood and E. coli K-235. 
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TaBLeE I 
Purification of N-acetylneuraminic acid aldolase 











Fraction Specific activity Total units* 
ci ail 1 
Phe oF. jane Enzyme units 
15 min at 37° 
Crude extract 1.3 1500 
Protamine-SO, 1.3 1500 
Ammonium sulfate 60 to 80% 25 790 
Acetone 31 330 
pH 4.6 precipitation 150 150 








* One unit of enzyme is defined as the amount of protein re- 
quired to cleave 1.0 umole of N-AN in 15 minutes at 37°. 


Purification of N-AN-aldolase from Clostridium perfringens 


Crude Extract—C. perfringens was grown in a 5-gallon carboy 
containing the following components in 18 liters: 630 g of Todd- 
Hewitt Broth (Difco) ; 32.4 g of KZHPO,; 108 g of NaCl; 0.29 g 
of cysteine; 27 g of dextrose (autoclaved separately as a 30% 
solution); and water. After sterilization, the sugar solution 
was added, and the medium cooled to 37° without agitation; it 
was used within 24 hours to minimize aeration. The medium 
was inoculated with 1.0 liter of an 18-hour culture, and after 
20 hours of growth in static culture at 37°, the cells were har- 
vested at 4°, washed twice with water, and suspended in 100 
ml of 0.15 mM NaCl. The cells were disrupted by sonication for 
30 minutes at 15° in a 10 ke Raytheon sonic oscillator, the mix- 
ture centrifuged at 4° for 30 minutes at 21,000 x g, and the 
residue discarded. The supernatant fluid (130 ml) contained 
1250 mg of protein. 

Unless specified otherwise, the following operations were con- 
ducted at 0°-4°. 
Protamine Step—Ten milliliters of a 2.0% protamine sulfate 
solution were slowly added, with stirring, to 125 ml of the crude 
extract. After 15 minutes, the precipitate was removed by 
centrifugation and discarded. 
Ammonium Sulfate Step—The supernatant fluid obtained from 
the protamine step was adjusted to 60% saturation with solid 
ammonium sulfate and mechanically stirred for 30 minutes; after 
centrifugation the precipitate was discarded. Solid ammonium 
sulfate was added to the supernatant fluid to 80% saturation, 
and after continuous stirring for 30 minutes, the precipitate was 
collected by centrifugation, dissolved in 5.0 ml of 0.05 m potas- 
sium phosphate buffer, pH 6.0, and dialyzed overnight with 
mechanical stirring against 50 volumes of the same buffer. 
Acetone Step—The pH of the dialyzed ammonium sulfate frac- 
tion was adjusted to approximately 5.8 by the addition of 0.11 
ml of 4 N acetate buffer, pH 5.6. Ina bath at —3 to —5°, cold 
acetone was slowly added with stirring to 14% concentration 
(volume for volume). After 5 minutes, the mixture was cen- 
trifuged at —5°, the precipitate discarded, and the supernatant 
fluid adjusted to 24% acetone concentration. After 5 minutes, 
the precipitate was collected by centrifugation at —5° and dis- 
solved in 3.0 ml of 0.05 m potassium phosphate buffer, pH 6.0. 
Treatment at pH 5.70—The acetone fraction was immediately 
dialyzed with mechanical stirring for 5 hours against 10 volumes 
of 0.05 m potassium phosphate buffer, pH 5.70. The turbid 
dialysis residue was centrifuged and the supernatant fluid used 
for the subsequent step. The precipitate contained about 50% 
of the activity in the acetone fraction and was dissolved in 3.0 
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ml of 0.05 m potassium phosphate buffer, pH 7.0; although it was 
not used in the experiments described below, this fraction has 
been used for other studies. 

Precipitation at pH 4.5—The supernatant fluid of the preced- 
ing step was dialyzed overnight against 50 volumes of 0.05 
potassium phosphate-citrate buffer, pH 4.5. The precipitate 
was collected by centrifuging and dissolved in 3.0 ml of 0.05 m 
potassium phosphate buffer, pH 7.0. 

The results of the purification procedure are summarized in 


Table I. The final product retained its activity for at least 1 
year at —16°. 


Properties of N-AN-aldolase 


Effects of pH, Enzyme Concentration, and Incubation Time— 
The reaction velocity as a function of pH and enzyme concentra- 
tion is indicated in Figs. 3 and 4. The reaction proceeds a 
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Fic. 3. Effect of pH on N-AN-aldolase reaction. The reaction 
mixtures were those described under ‘Enzyme Assay,’’ excepting 
the pH of the buffers. Tris-HCl buffer was used at pH 8.0 and 
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Fig. 4. Effect of N-AN-aldolase concentration on reaction 


velocity. The reaction mixtures were those described under 
“Enzyme Assay.” 
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maximal velocity at pH 7.2. Product formation is linear during 
the time of incubation (Fig. 5). 

Effect of Substrate Concentration—The effect of increasing con- 
centrations of N-AN on the rate of the reaction is shown in 
Fig. 6. Calculation of the K,, according to the method of Line- 
weaver and Burk (26) gave a value of 3.9 x 10-*m. The Kn 
obtained with N-AN-aldolase is in the same range as that ob- 
tained with fructose diphosphate aldolase (1.0 to 1.5 x 10-7 m 
(27, 28)). 

Substrate Specificity (Cleavage)—The rates of cleavage of 
several sialic acids by the purified enzyme are shown in Fig. 7. 
Samples of N-AN obtained from human blood, sheep submaxillary 
mucin, or E. coli were all cleaved at the same rate. N-Glycolyl- 
neuraminic acid, obtained from pig submaxillary mucin, was 
cleaved at 65% of the rate of N-AN, whereas N ,O-diacetylneu- 
raminic acid from bovine submaxillary mucin was split at 14% 





1.0 " 


J/MOLES PYRUVATE FORMED /mi 











i 1 
10 20 30 
MINUTES 


Fig. 5. Effect of incubation time on N-AN-aldolase reaction. 
The reaction mixtures were those described under “Enzyme 
Assay,’’ excepting the incubation times. 
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Fia. 6. Effect of N-AN concentration on the N-AN-aldolase 
reaction velocity. The reaction mixtures were those described 
under ‘‘Enzyme Assay,” except the substrate concentration. 
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Fic. 7. Cleavage of the sialic acids by N-AN-aldolase. The 
reaction mixtures were those described under ‘“‘Enzyme Assay” 
excepting the substrates which were varied as follows: Curve 1, 
N-acetylneuraminice acid; Curve 2, N-glycolylneuraminic acid; 
Curve 3, N,O-diacetylneuraminic acid (E, or equine sialic acid); 
Curve 4, N,O-diacetylneuraminic acid (B or bovine sialic acid); 
Curve 5, methoxyneuraminic acid (i.e. the methyl glycoside of 
neuraminic acid). 


of the rate. There was little or no activity with methoxyneu- 
raminic acid. In addition, there was no detectable cleavage 
of 2-keto-3-deoxy-6-phospho-p-gluconate, 2-keto-3-deoxy-p- 
gluconate, 2-keto-3-deoxy-p-heptonate, 2-keto-3-deoxy-7-phos- 
pho-p-heptonate, 2-keto-3-deoxy-p-octonate, and 2-keto-3- 
deoxy-8-phospho-p-octonate.* The purified enzyme contained 
no detectable neuraminidase activity when assayed with oro- 
somucoid and colominic acid. 

The low activity of N-AN-aldolase with the bovine N ,0-di- 
acetylneuraminic acid appears to be due to the O-acetyl group. 
In fact, it is doubtful whether the O,N-diacetyl compounds are 
cleaved.‘ Thus, acid hydrolysis of the bovine diacetyl compound 
(0.05 n sulfuric acid at 100° for 15 minutes) afforded N-AN 
which was obtained in crystalline form. Treatment of this 
compound with N-AN-aldolase resulted in cleavage at the same 
rate as the other N-AN samples shown in Fig. 7. 


Characterization of Reaction Products 


Pyruvate—As indicated above, pyruvate was enzymatically 
determined with lactic dehydrogenase and DPNH, which there- 
fore serves as partial characterization of this component of the 


‘Dr. G. Blix has recently provided us with highly purified 
samples of two N ,O-diacetylneuraminic acids, one obtained from 
horse (E sialic) and the other from bovine (B sialic) submaxillary 
mucin. Studies by Dr. Paolo Brunetti, in this laboratory, on the 
specificity of N-AN-aldolase have shown that less than 3% of the 
purified N,O-diacetylneuraminic acids are cleaved by N-AN-al- 
dolase, and the kinetics indicate that this is probably due to con- 
tamination of the N,O-diacetyl compounds with N-AN. The 
O-acetyl group is very labile. In other experiments, Dr. Brunetti 
showed that N-AN-aldolase could be used as a basis of a method 
for the quantitative estimation of N-acetyl- or N-glycolylneura- 
minic acid. 

5 The 2-keto-3-deoxy-p-heptonic acid and its 7-phosphate ester 
were gifts from Dr. David B. Sprinson, Department of Biochem- 
istry, Columbia University, New York. The experiments with 
2-keto-3-deoxy-p-octonic acid and its 8-phosphate ester were per- 
formed by Dr. Efraim Racker, The Public Health Research In- 
stitute of the City of New York, New York, New York. 
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reaction. For further characterization, 20 wmoles of N-AN were 
treated with excess enzyme under the conditions defined below 
for the equilibrium experiments, and after 3 hours, a 5-fold 
excess of 2,4-dinitrophenylhydrazine in 0.5 n HCl was added. 
The yellow precipitate was washed with 0.5 N HCl and water, 
and crystallized upon the addition of ethanol. The crystals 
were dissolved in alkali, precipitated by the addition of acid, 
and washed again in the same manner. After drying in a 
vacuum, the m.p. (uncorrected) was 215-216°. Treatment of 
authentic pyruvate with 2,4-dinitrophenylhydrazine under the 
conditions indicated above yielded yellow crystals, m.p. 215-216°. 
Admixture of the hydrazones gave no depression in the melting 
point. 

N-Acetyl-p-mannosamine—Human blood N-AN (590 umoles) 
was dissolved in 15 ml of 0.2 m potassium phosphate buffer, pH 
7.2, and incubated for 3 hours at 37° with approximately 200 
units of the most highly purified N-AN-aldolase. The reaction 
mixture was heated for 2 minutes at 100° and the denatured pro- 
tein removed by centrifugation. The supernatant fluid was 
treated with an excess of mixed-bed ion exchange resin (Dowex 
50, hydrogen form, and Dowex 1, carbonate form, 20 to 40 mesh) 
and the filtrate and washings were concentrated in a vacuum. 
Analysis of the residue showed that it contained 400 umoles of 
N-acetylhexosamine. Paper chromatography of an aliquot, on 
borate-treated paper (16, 29), indicated a single component 
which migrated at about 0.4 of the rate of N-acetyl-p-glucos- 
amine. The major part of the acetylhexosamine (370 umoles) 
was dissolved in 5.0 ml of 4 N H2SO, and heated at 100° in a 
sealed tube for 6 hours. Steam distillation of the reaction mix- 
ture yielded an acid, which was neutralized, evaporated to a 
small volume, and treated with an excess of p-bromophenacy! 
bromide. A crystalline ester resulted, m.p. 81°. After recrys- 
tallization, the derivative melted at 83°, which agreed with the 
expected value for the acetyl derivative (30). The acyl group 
has been characterized as acetyl by others (20). 

The solution remaining after steam distillation was neutralized 
with barium carbonate, filtered, and chromatographed on Dowex 
50, hydrogen-form resin, according to the method of Gardell 
(15). A single hexosamine peak was eluted (350 wmoles). Com- 
parison with standards showed that the peak was eluted slightly 
behind glucosamine-HCl but before galactosamine-HCl when the 
latter compounds were chromatographed under the same con- 
ditions. Differential colorimetric analysis (31) of the hexos- 
amine showed that it gave only 55% of the color value obtained 
with glucosamine after N-acetylation. 

The fractions containing the hexosamine peak were concen- 
trated in a vacuum and the excess HCl removed by repeated 
addition and evaporation of ethanol. The syrup was dissolved 
in methanol and after 2 days, hard, colorless crystals appeared. 
The first crop of crystalline material weighed 40 mg. The 
hexosamine hydrochloride was recrystallized from a _ water- 
methanol-acetone-mixture, a sample dried in a vacuum over 
P.O; at 65° for 3 hours, and analyzed.’ 


C.Hy,O;NCl (215.6) 
Calculated: C 33.42, H 6.54, N 6.50, Cl 16.44 


Found: C 33.52, H 6.60, N 6.24, Cl 16.35 


The crystalline material exhibited [a]? —1.5° (ce, 0.8% in 
water) which was also obtained with a sample of p-mannosamine 
hydrochloride prepared by the method of Levene (14). Syn- 
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A B xX Cc 


Fic. 8. X-ray diffraction patterns of p-glucosamine hydro- 
chloride (A), p-mannosamine hydrochloride (synthetic) (B), the 
hexosamine hydrochloride isolated from N-AN (X), and p-galac- 
tosamine hydrochloride (C). 


thetic samples obtained by the alkaline epimerization procedure 
(16) showed higher rotations (—4.6°) when the observations 
were made at 10% concentration in 5% hydrochloric acid solu- 
tion. The value for p-glucosamine hydrochloride in aqueous 
solution is +72.5°. 

The x-ray powder diffraction patterns of the unknown hexos- 
amine hydrochloride, p-glucosamine hydrochloride, p-mannos- 
amine hydrochloride, and p-galactosamine hydrochloride are pre- 
sented in Fig. 8. The pattern obtained with the unknown was 
identical with that shown by p-mannosamine hydrochloride. 

In view of the low optical rotations of D-mannosamine hydro- 
chloride and of the unknown, and since the corresponding L- 
isomer was not available for comparison by x-ray techniques, it 
was necessary to characterize conclusively the unknown hexos- 
amine as either the p- or L-isomer. This was achieved by degra- 
dation to arabinose. The hexosamine hydrochloride (25 mg) 
was treated with 70 mg of ninhydrin, and 1 mmole of citrate 
buffer, pH 5.0, in 25 ml of water. The mixture was sealed in a 
glass tube and heated at 100° for 30 minutes (32), cooled, and 
treated with excess mixed-bed ion exchange resin (Dowex 50, 
hydrogen form and Dowex 1, carbonate form, both 20 to 40 
mesh). The filtrate and washings contained 12.8 mg of arab- 
inose as determined by the orcinol method for pentose. Paper 
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chromatography of an aliquot of the concentrated solution indi- 
cated the presence of arabinose as the sole detectable carbohy- 
drate (33). The solution was concentrated to dryness in a 
vacuum and treated with 14 mg of recrystallized o-phenylene- 
diamine, 40 mg of cupric acetate, 1.0 ml of water, and 0.08 ml of 
glacial acetic acid (34). The mixture was maintained at 53° for 
16 hours, treated with H.S to remove copper ion, heated with a 
small amount of Darco G-60 chracoal, and filtered. The filtrate 
and washings were concentrated to approximately 2 ml, ad- 
justed to pH 8 with ammonium hydroxide, and allowed to stand 
in the ice chest for 3 hours during which time a crystalline deposit 
formed. The precipitate was filtered and washed with small 
amounts of ice water; yield, 14 mg, m.p. 235-235.5° (uncorrected, 
decomposed), [a] —29.9° (c, 1.4% in 1 n HCl). Essentially 
the same results were obtained with a sample of p-glucosamine 
hydrochloride degraded on a similar scale. Recrystallization of 
the unknown and known products resulted in material from the 
unknown which showed m.p. 235-235.5°, [a]?> —40.2° and from 
the known p-arabobenzimidazole a m.p. 235-235.5°, [a] —35.3°. 
Admixture of the two samples did not result in depression of the 
melting point. 

On the basis of these data, we concluded that the unknown 
hexosamine was D-mannosamine. 

Since the acyl group was identified as acetyl, the cleavage 
product was concluded to be N-acetyl-p-mannosamine. Further 
evidence to support this contention was obtained as follows. 
The crystalline hexosamine hydrochloride obtained from N-AN 
was N-acetylated (17, 31) yielding an N-acetylhexosamine. An 
aliquot of this material was saved for the enzyme experiments 
presented below. The Morgan-Elson method and chromatog- 
raphy on borate-treated paper (16) was used to compare the 
remainder with the following: the original cleavage product, 
N-acetyl-p-glucosamine, synthetic N-acetyl-p-mannosamine, and 
N-acetyl-p-galactosamine. The two N-acylhexosamines behaved 
in all respects like synthetic N-acetyl-p-mannosamine and could 
be distinguished from the other known N-acetylhexosamines. 
Further evidence to substantiate the conclusion that the cleavage 
product is N-acetyl-p-mannosamine was derived in the enzyme 
experiments described below. 
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Fie. 9. Chromatography of N-AN synthesized enzymatically 
from pyruvate-2-C" and acetylmannosamine. 
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Reversibility, Stoichiometry, and Equilibrium 
Reversibility Studies—The reaction mixtures for these experi- 
ments contained the following in umoles per ml: N-acetylhexos- 
amine, 20; potassium pyruvate, 25; potassium phosphate buffer, 
pH 7.1, 120; protein, 25 ug. The mixtures were incubated for 
60 minutes at 37°, and N-AN determined by the resorcinol and 


direct Ehrlich reactions. The following results (umoles of N-AN 
per ml of incubation mixture) were obtained with the indicated 
N-acetylhexosamines: synthetic N-acetyl-p-mannosamine, 1.29; 
the N-acylhexosamine obtained after cleavage of N-AN, 1.25; 
and the N-acetylhexosamine obtained by chemical acetylation of 
the crystalline hexosamine hydrochloride derived from N-AN as 
described above, 1.25. In addition to the colorimetric methods, 
N-AN was identified by column (Fig. 9) and paper chromatog- 
raphy. Further evidence for the formation of N-AN was ob- 
tained by incubating the following components in 1.70 ml: 31 
moles of pyruvate-2-C“ (100 ue), 300 wmoles of N-acetyl-p- 
mannosamine, 200 umoles of Tris-HCl buffer, pH 7.2, and 50 
units of N-AN-aldolase. After incubating for 2 hours at 37°, 
the reaction was stopped by heating at 100° for 2 minutes, crys- 
talline N-AN (30.0 mg) was added, and the solution chromato- 
graphed on Dowex 1-formate resin under the conditions de- 
scribed for isolation of bacterial N-AN. As indicated in Fig. 9, 
the radioactive peak coincided with the peak obtained by colori- 
metric analysis of the fractions for N-AN. The pooled fractions 
were lyophilized, and the N-AN examined by paper electro- 
phoresis in 0.05 m phosphate buffer, pH 7.5, and 1% sodium 
tetraborate at pH 9.0. A single radioactive spot was noted 
which coincided exactly with authentic N-AN in rate of migra- 
tion. The isolated N-AN represented 90% of the added carrier 
and showed a specific activity of 1.5 <X 10° ¢.p.m. per umole. 

There was no detectable synthesis of N-AN (determined colori- 
metrically) when the enzyme was incubated with pyruvate and 
the following substrates: N-acetyl-p-glucosamine (2), N-acetyl- 
p-galactosamine, D-mannosamine, D-mannosamine 6-phosphate, 
and N-acetyl-p-mannosamine 6-phosphate. Furthermore, P- 
enolpyruvate could not replace pyruvate when N-acetyl-p-man- 
nosamine was the substrate or with any of the substances listed 
above. Synthesis of sialic acid was noted, however, when 
pyruvate, enzyme, and N-glycolyl-p-mannosamine were used.° 

Stoichiometry—Stoichiometry studies were conducted with the 
following reaction mixtures (in umoles per ml): 1.0, N-AN; 100, 
potassium phosphate buffer, pH 7.1; and 10 ug of protein. After 
incubation for 30 minutes at 37°, the following changes were 
noted in the reaction mixture (in wmoles per ml): —0.65, N-AN; 
+0.63, pyruvate; and +0.70, N-acetyl-p-mannosamine. The 
determination of the latter substance was performed by a modi- 
fied Morgan-Elson method with N-acetyl-p-mannosamine as 
standard since this compound yields about 53% of the color ob- 
tained with N-acetyl-p-glucosamine (16). 

Equilibrium Studies—Mixtures containing an excess of enzyme 
were incubated either with N-AN or with N-acetyl-p-mannos- 
amine plus pyruvate under the usual conditions until equilibrium 
was attained. The average value for the equilibrium constant, 
K = |[N-acetylmannosamine][pyruvate]/[N-AN], was 0.064 + 
0.020 m. When the concentration of either pyruvate or N- 
acetyl-D-mannosamine was increased 10-fold, technical problems 
prevented an accurate determination of K, but the estimated 
values were in the range of the value given above. 


6 This experiment was performed by Dr. G. W. Jourdian with 
synthetic N-glycolyl-p-mannosamine. 
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N-AN-aldolase Distribution 


The enzyme has been purified 20-fold from extracts of E. coli 
K-235, the organism which produces a polymerized form of 
N-AN (8). The partially purified enzyme displayed a pH op- 
timum of 7.3 and a K,, of 3.3 X 10-3 m. 

Preliminary experiments demonstrated that crude, cell-free 
extracts of rat liver and brain cleave N-AN to pyruvate and 
N-acetylmannosamine. No attempts were made to study the 
equilibrium of this reaction. 


Isotope Experiment 


Preliminary studies indicated that E. coli K-235 was able to 
synthesize polymerized N-AN when grown in a medium con- 
taining inorganic salts and glucose. The following experiment 
was designed to determine whether N-AN-aldolase might be in- 
volved in the biosynthesis of N-AN. E. coli K-235 was grown 
in one liter of medium containing 1.0 g NH,Cl, 1.0 g NaCl, 0.1 g 
MgSO,-7H.0, 2.0 g K2HPO,, 5.0 g Casamino acids (Difco), and 
2.0 g of either glucose-1-C* or glucose-6-C" at the specific activi- 
ties indicated in Table II. The medium was inoculated with 50 
ml of a 12-hour culture, incubated at 37° with aeration, and the 
cells harvested after logarithmic growth had ceased (approxi- 
mately 6 hours). The sialic acid was isolated as described under 
“Experimental Procedure:” 62 umoles of N-AN were isolated in 
the 1-C' and 65 wmoles in the 6-C" experiment. After cleavage 
of the N-AN samples with excess N-AN-adlolase, the reactions 
were stopped by heating, and N-acetylmannosamine isolated 
from aliquots of the incubation mixtures by the methods de- 
scribed above (yields: 1-C' experiment, 47 wmoles; and 6-C™ 
experiment, 48 ymoles). The acetylhexosamine samples were 
hydrolyzed with 2 n HCl for 4 hours at 100°, the excess HC) re- 
moved by drying in a vacuum, and the hexosamines isolated by 
chromatography on Dowex 50, H+ form resin (15): 1-C" experi- 
ment, 25 umoles; and 6-C experiment, 25 umoles. The man- 
nosamine samples were then degraded to arabinose with nin- 
hydrin (32), the reaction mixtures deionized, and the arabinose 
samples purified by descending chromatography on Whatman 
No. 1 paper with butanol-pyridine-H,O (6:4:3) for 24 hours. 
After elution of the pentose band from the paper, its concentra- 
tion was determined with orcinol reagent: 1-C™ experiment, 15 
umoles; and 6-C" experiment, 15 umoles. 

In Table II it can be seen that the specific activities of the 
D-mannosamine samples isolated from the two N-AN was essen- 


TABLE II 
Isotope incorporation into N-AN* 











Specific activities 
Compound 
Glucose-1-C' experiment} Glucose-6-C™ experiment 
c.p.m. /pmole c.p.m. /pmole 
Medium glucose 1320 1340 
N-AN (from cells) 2440 2400 
Pyruvatet 680 620 
Acetylmannosamine 1760 1780 
Mannosamine 1540 1340 
Arabinose 190 1010 











* Experimental conditions are described in the text. 


acetyl mannosamine. 
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tially the same as that of the glucose in the media whereas that 
of the pyruvate was one-half that of the glucose. The labeling 
pattern of the mannosamines indicates significant randomization 
(<25%). Nevertheless, these results suggest that carbon 
atoms 4 through 9 of neuraminic acid (the hexosamine moiety) 
arise from glucose without cleavage of the carbon chain, whereas 
carbon atoms 1 through 3 (pyruvate) arise via the glycolytic 
pathway. The labeling pattern of the N-AN is compatible with 
a biosynthetic pathway requiring a 3-carbon and 6-carbon (i.e. 
disregarding the acetyl group) condensation as is the case in the 
N-AN-aldolase reaction. 


DISCUSSION 

CO.H CO.H CO:H 

=0 =0 —0 

a Ben oi 
HOCH HOH HOCH 
HCNHCOCH,  CH,CONHOH NH.CH 
HOCH HOCH HOOH 
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As noted in a recent review (3), at least 11 structures have 
been proposed for N-AN. Before the studies with N-AN-aldo- 
lase (1), Structure I was thought to be the correct formulation. 
This structure was originally proposed by Gottschalk (45) who 
also suggested that neuraminic acid was a condensation product 
of pyruvate and hexosamine. The evidence for Structure I, 
which has the same configuration as N-acetyl-p-glucosamine in 
the lower 6 carbons of the chain, may be outlined as follows. 
(a) Oxidative cleavage of N-AN with hot pyridine and nickelous 
acetate gave a mixture of products from which N-acetyl-p-glucos- 
amine was isolated (19). (6) Treatment of N-AN with hot alkali 
(35) yielded pyruvate and N-acetyl-p-glucosamine. (c) En- 
zymatic cleavage of N-AN with crude extracts of Vibrio cholerae 
(36) gave pyruvate and N-acetyl-p-glucosamine identified by 
paper chromatography. (d) Authentic N-AN was obtained in 
low yield by condensation of N-acetyl-p-glucosamine and oxalo- 
acetate at pH 11 (37). 

The evidence summarized above for Structure I cannot be 
considered definitive for two reasons. First, the paper chro- 
matography was performed under conditions that will not readily 
distinguish between N-acetyl-p-glucosamine and N-acetyl-p- 
mannosamine. Second, the alkaline conditions used for the 
chemical studies result in a rapid interconversion of the two 
acetylhexosamines (2, 10, 11), which in fact is the basis of a 
chemical method for the preparation of N-acetyl-p-mannosamine 
from N-acetyl-p-glucosamine (16). 

The N-AN-aldolase experiments led to the suggestion that 
Structure II is the structure of N-AN. An objection to this 
interpretation was raised on the basis that N-AN-aldolase prepa- 
rations might contain an epimerase which converted N-acetyl-p- 
glucosamine to N-acetyl-p-mannosamine, thus explaining the 
isolation of the latter compound after enzymatic cleavage of 
N-AN (4). This possibility seems remote, however, since N-AN 
is formed by the enzyme, but only N-acetyl-p-mannosamine or 
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N-glycolyl-p-mannosamine will serve as the acylhexosamine 
substrate. 

The proposal that Structure II represents the structure of 
N-AN has recently received confirmation in two laboratories. 
Kuhn and Brossmer (10) repeated their earlier experiments on 
the degradation of N-AN by nickelous acetate and pyridine and 
concluded that the acylhexosamine first formed is N-acetyl-p- 
mannosamine which then yields N-acetyl-p-glucosamine under 
the conditions of the reaction; they also independently showed 
the alkaline epimerization of the acetylhexosamines. Brug and 
Paerels (11) repeated the chemical synthesis of N-AN from oxalo- 
acetate and N-acetyl-p-glucosamine, and compared their results 
with a similar preparation in which N-acetyl-p-mannosamine was 
substituted for the glucosamine derivative. The yields of N-AN 
were the same in both cases. Finally, Brug ef al. (12) repeated 
the experiments of Heimer and Meyer (36) on the enzymatic 
cleavage of N-AN with V. cholerae extracts and found that the 
resulting acylhexosamine was N-acetylmannosamine. 

Earlier work in the laboratories of Blix et al. (20) and Klenk 
(38) had shown that the sialic acids possess a common 9-carbon 
skeleton and vary only in the acyl groups attached to the chain. 
The evidence presented here for the configuration of the groups 
attached to the lower 5 carbon atoms of the chain, plus the sug- 
gestion of Kuhn and Brossmer (39) concerning the configuration 
of the hydroxyl group at C-4 lead to Structure III as the most 
probable for neuraminic acid. In fact, there appears to be gen- 
eral agreement (6, 40) that III is the structure. It should be 
emphasized, however, that final proof for the structure is still 
lacking; where twelve structures have already been proposed, 
others may be forthcoming as new information is obtained. 
Nevertheless, all of the available evidence is consistent with 
Structure III as the correct formulation for neuraminic acid. 

The isolation of N-acetyl-D-mannosamine after enzymatic 
cleavage of N-AN represents the first report of the natural oc- 
currence of a derivative of mannosamine, although the sugar had 
been synthesized by Levene in 1919 (14). Enzymatic studies on 
the origin of N-acetyl-p-mannosamine showed that it was de- 
rived by incubation of UDP-acetyl-glucosamine with rat liver 
extracts (41). Other work (42) has demonstrated an epimerase 
in extracts of bacteria which were adapted to grow on N-acetyl- 
mannosamine as the sole carbon source; the enzyme interconverts 
N-acetyl-p-glucosamine 6-phosphate and N-acetyl-p-mannosa- 
mine 6-phosphate. Thus, enzymatically formed derivatives of 
D-mannosamine have now been demonstrated in three different 
cell-free systems. 

p-Mannosamine has not yet been identified as a component of 
complex polymers (other than as a constituent of N-AN) such as 
is the case with p-glucosamine and p-galactosamine. Never- 
theless, it may be distributed more widely than is currently 
realized since most of the methods commonly employed for the 
identification of p-glucosamine would not distinguish it from 
D-mannosamine. 

The studies with N-AN-aldolase suggest a mechanism for the 
biosynthesis of N-AN. This idea is supported by the following 
facts: (a) enzymatic mechanisms are known for the synthesis of 
N-acetyl-p-mannosamine and the 6-phosphate ester; (6) the 
isotope data presented here shows that N-AN is formed in E. 
coli K-235 by condensation of a 6-carbon and a 3-carbon unit 
which would be required by the N-AN-aldolase mechanism; (c) 
N-AN-aldolase is present in FE. coli K-235; and (d) N-AN-aldolase 
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was found in animal tissues which presumably synthesize N-AN 
or some similar derivative. 

The synthesis of 7-carbon and 8-carbon 2-keto-3-deoxy sugar 
acids (43, 44) proceeds via an essentially irreversible condensa- 
tion of P-enolpyruvate with either a tetrose or a pentose phos- 
phate yielding inorganic phosphate and 2-keto-3-deoxy-7-phos- 
pho-heptonate or 2-keto-3-deoxy -8 - phospho - octonate. 
Attempts to demonstrate the formation of sialic acid or its phos- 
phorylated derivative by such a mechanism (i.e. condensation of 
P-enolpyruvate with N-acetylhexosamine 6-phosphates) have 
been unsuccessful. Although it has not been established that 
N-AN-aldolase is involved in the biosynthesis in vivo of N-AN, 
the available evidence is consistent with this possibility. 


SUMMARY 


N-Acetylneuraminic acid aldolase has been purified 115-fold 
from Clostridium perfringens and about 20-fold from Escherichia 
colt K-235. Crude cell-free extracts of rat liver and brain also 
displayed some activity. 

The properties of the purified enzyme are reported. The 
cleavage products were characterized as pyruvate and N-acetyl- 
D-mannosamine; N-acetylneuraminic acid was enzymatically 
synthesized from the latter two compounds. 

Isotope studies on the biosynthesis of N-acetylneuraminic acid 
in E. coli K-235 suggest the condensation of a 3-carbon and 6- 
carbon unit to form the 9-carbon chain of this acid. This evi- 
dence is compatible with the N-acetylneuraminic acid aldolase 
reaction as a biosynthetic pathway. 
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Chitin is an important constituent of the tissues of many in- 
vertebrates (3) and of fungal cell walls (4). The polysaccharide 
is composed of N-acetyl-p-glucosamine polymerized in a manner 
similar to that of glucose in cellulose (8, 1 — 4). Treatment of 
chitin with strong alkali results in partial or complete deacetyla- 
tion; the resulting mixture of glucosamine polymers is called 
chitosan. The suggestion has been made that chitosan occurs 
naturally. Acid extraction of Phycomyces blakesleeanus mycelia 
yielded material which showed an x-ray diffraction pattern simi- 
lar to that obtained with chitosan hydrochloride (5). 

Although p-galactosamine, in addition to glucosamine, is an 
important constituent of many mucopolysaccharides (6), there 
are apparently no reports of the occurrence of galactosamine 
polymers analogous to the glucosamine polymers, chitin and 
chitosan. A preliminary report (1) noted that Aspergillus para- 
siticus secreted viscous material, containing nondialyzable hex- 
osamine, into the growth medium. The polymer has now been 
characterized as a polysaccharide composed of galactosamine resi- 
dues in which some of the amino groups are acetylated and the 
remainder unsubstituted. The name galactosaminoglycan was 
selected for the polysaccharide. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Galactosamine hydrochloride (7) was 
prepared as described. A. parasiticus QM 884! and other fungi 
were grown at 25° in liquid minimal media (8) on a rotary shaker 
at 185 r.p.m. Total hexosamine analyses were performed by 
the modified method of Boas (9). After hydrolysis of the poly- 
saccharides in 4 N hydrochloric acid (10), glucosamine and galac- 
tosamine were differentiated by the ion exchange method of 
Gardell (11), and the paper chromatographic method of Stoffyn 
and Jeanloz (12). 

Isolation of Galactosaminoglycan—The culture fluids obtained 
by growth of A. parasiticus for varying periods of time were 
analyzed for nondialyzable hexosamine, and as indicated in Fig. 
1, the maximal amount was produced after growth for 5 days. 
For isolation purposes, 2 liters of the growth medium were dis- 


* Preliminary reports (1, 2) have been presented. The Rack- 
ham Arthritis Research Unit is supported by a grant from the 
Horace H. Rackham School of Graduate Studies of The University 
of Michigan. This investigation was supported in part by grants 
from the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health (A-512), the Michigan Chapter, 
Arthritis and Rheumatism Foundation, and from the American 
Cancer Society. 

t Predoctoral fellow, Michigan Chapter, Arthritis and Rheuma- 
tism Foundation. 

1 Aspergillus parasiticus QM 884 was obtained from: Philadel- 
phia Quartermaster Depot, Philadelphia, Pennsylvania. 
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tributed equally among 20 250-ml Erlenmeyer flasks. The me- 
dium was inoculated with a spore suspension (13) and the or- 
ganism was grown for 5 days in shake culture. After removal 
of the mycelia by filtration through cotton gauze, 1 volume of 
acetone was added to the solution; the resulting gray fibrous 
clot was collected on a stirring rod and suspended in 5 volumes 
of water. After standing overnight, water was added to a total 
volume of 500 ml, and the solid was dissolved with the use of a 
Waring Blendor (about 10 minutes). The viscous solution was 
dialyzed against running tap water for 24 hours, and an al- 
iquot of the solution was analyzed, after acid hydrolysis, by ion 
exchange chromatography (Fig. 2). The presence of galactos- 
amine but not glucosamine was indicated. 

Purification of the crude polysaccharide was effected by an 
electrodeposition technique to be described elsewhere in detail? 
(14). Phosphate buffer (500 ml, 0.10 m, pH 5.8) was added to 
500 ml of the dialyzed solution, and electrodeposition yielded the 
polysaccharide as a firm gel (Gel I) on the membrane nearest 
the cathode. Gel I was suspended in 500 ml of 0.05 m phosphate 
buffer, pH 5.8, in a Waring Blendor, and after centrifugation at 
16,000 x g for 10 minutes, the supernatant fluid was again sub- 
jected to electrodeposition. The final gel (Gel II) was suspended 
in approximately 250 ml of 0.05 m phosphate buffer (Waring 
Blendor), centrifuged, and dialyzed against 20 liters of cold 0.1 
n hydrochloric acid for 24 hours to remove phosphate ions. An 
aliquot of the solution was analyzed and the remainder was 
lyophilized yielding a white fibrous solid. The yields of Gels I 
and II, in terms of total hexosamine calculated from the amount 
present in the acetone clot, were 89% for Gel I and 38% for Gel 
II. The molar ratios of hexosamine to nitrogen in the products 
were: acetone clot, 0.35; Gel I, 0.91; Gel II, 1.02. 

Characterization of Galactosaminoglycan—Table I presents 
analytical data obtained on the polysaccharide. Wherever 
possible, the analyses were performed on aliquots of the same 
solution. The polysaccharide is composed of N-acetylhexosa- 
mine and hexosamine (as the hydrochloride salt) in a ratio of 
approximately 1:2. 

Colorimetric analyses indicated that the polysaccharide con- 
tained no detectable hexose (by the anthrone (18) and orcinol 
(19) methods), nor did it contain uronic acid (by the carbazole 
method (20)). Amino acids could not be detected after acid 
hydrolysis and paper chromatography. 

The acetyl group was characterized by conversion to 2-methyl- 
benzimidazole (21). Hydrolysis of 63 mg of the polysaccharide 
phosphate salt in boiling 10 n H.SO, for 90 minutes, followed by 


2 Unpublished work of Don Watson and Saul Roseman. Manu- 
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steam distillation of the reaction mixture (16), neutralization of 
the distillate, concentration, and treatment with o-phenylene- 
diamine, yielded 8.2 mg of the crystalline 2-methylbenzimidazole 
(70% of the volatile acid), m.p. 173-175°. The crystals did not 
depress the melting point of an authentic sample of the deriva- 
tive. 

The hexosamine was characterized by first hydrolyzing the 
polysaccharide with 4 n hydrochloric acid at 100° for 24 hours, 
and then removing the hydrochloric acid in a vacuum. Exami- 
nation of the hydrolysate by paper chromatography after nin- 
hydrin treatment (12) revealed the presence of only one compo- 
nent, which corresponded in Rr to that obtained by treatment 
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Fic. 1. Production of hexosamine polymers in the media during 
growth of A. parasiticus. Cultures were harvested and the my- 
celia filtered off, dried in a vacuum over CaCle, and weighed, 
O——O. The filtrates were dialyzed, hydrolyzed for 24 hours in 
4n HCl, dried in a vacuum over CaCl, and soda lime, and hexos- 
amine determined, @——®@. 
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Fic. 2. Ion exchange chromatography of polysaccharide hex- 
osamine. The polysaccharide from 2 ml of media was hydrolyzed 
and chromatographed, @——@; a standard mixture of 0.10 mg 
glucosamine and 0.05 mg galactosamine, O——O, were chromato- 
graphed separately on a 1 X 20 cm column of Dowex 50, H* (200 
to400 mesh) resin. Elution with 0.1 n HCl was started at fraction 
No. 1 after washing the column with water. Fractions (1 ml) 
were collected and the entire samples analyzed. 

The abbreviations used are: GalN, galactosamine, 2-amino-2- 
deoxy-p-galactose; GN, glucosamine, 2-amino-2-deoxy-p-glucose. 
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TABLE I 
Analyses of galact inogly Gel II 
Analyses were performed on aliquots of a solution obtained by 
dissolving the concentrated galactosaminoglycan (Gel II) in 
water, and centrifuging at 16,000 X g for 30 min. 














Analysis Method Moles/mole nitrogen 
Drcremenre 0. Ae Kjeldahl (15) 1.00 
Hexosamine*......... Elson-Morgan (9) 1.02 
MIP ICE ES Wiesenberger (16) 0.38 
Amino nitrogen........ Van Slyke (17) 0.68 
Specific rotationft...... +51.5° 
Relative viscosity{.... Ostwald 9.4 








* After 24-hour hydrolysis in 4 n HCl at 100°. 

t After complete oxidation with chromic acid. 

¢ Determined in 0.05 m phosphate buffer, pH 5.6 (c = 0.2%). 
The [a], was observed at 25°, and the viscosity studies were per- 
formed at 30°. 


of authentic galactosamine, or chromatography of p-lyxose. 
Analysis of the hydrolysate by the colorimetric method for the 
determination of mixtures of glucosamine and galactosamine (9) 
indicated only the presence of galactosamine. The crystalline 
hydrochloride exhibited [a]? = +92.4° (c = 0.3% in water). 
The reported value for p-galactosamine hydrochloride is +96.4°. 
Although all of the above methods suggested that the hexosamine 
of the polysaccharide was p-galactosamine, final characterization 
of the amino sugar was attained by converting it to the crystalline 
N-carbobenzyloxy derivative.’ 

N-Acetylation of Galactosaminoglycan—Since the isolated poly- 
saccharide (acetyl = 6.0%) was only partially N-acetylated, 
preparation of the fully N-acetylated derivative was of interest. 
With the use of conditions for N-acetylation of the hexosamines 
(7), a water soluble product was obtained containing 10% acetyl. 
Since chitin yields acetyl values of 19% or higher (10) the product 
was considered incompletely N-acetylated. 


To obtain higher acetyl values, peracetylation followed by 
de-O-acetylation was attempted. Lyophilized galactosamino- 
glycan (200 mg) was refluxed with mechanical stirring for 2 hours 


3 The authors are greatly indebted to Dr. Joseph M. Merrick 
for the method of preparation of the N-carbobenzyloxy deriva- 
tives of the amino sugars on a micro scale (22). 

Galactosamine hydrochloride (10 mg) was dissolved in 0.5 ml 
of water and was treated with 9.6 mg of sodium bicarbonate and 
0.02 ml of benzyl chloroformate. After stirring vigorously for 1 
hour, 3 ml of water were added and the mixture was extracted with 
benzene (3 times, 8 ml each) and petroleum ether (2 times, 5 ml 
each) to remove excess benzyl chloroformate. The aqueous layer 
was shaken with 0.5 ml of a 1:1 mixture of Dowex 50, hydrogen- 
form resin, and Dowex 1, bicarbonate-form resin (20 to 40 mesh), 
until it was free of chlorideion. After filtration, the solution was 
evaporated to dryness in a vacuum, yielding a white crystalline 
compound which was recrystallized from absolute ethanol. The 
product was obtained in 57% yield: m.p. 179-180°. 

Glucosamine hydrochloride (10 mg) was treated with 0.1 ml of 
water, 9.6 mg of sodium bicarbonate, and 0.2 ml of benzyl chloro- 
formate. After shaking for 1 hour, the mixture was filtered and 
the solid was washed with benzene and petroleum ether. The 
compound was recrystallized from 30% acetone. The yields var- 
ied from 60 to 70%: m.p. 214°. 

Treatment of the unknown hexosamine hydrochloride from ga- 
lactosaminoglycan gave the derivative in 69% yield: m.p. 179- 
180°. There was no depression in melting point when the deriva- 
tive of the unknown was mixed with that obtained from galactos- 
amine hydrochloride. 
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with 50 ml of acetic anhydride and 5 g of anhydrous sodium ace- 
tate. After pouring the mixture into ice water, the material was 
filtered, washed with water, dried, and pulverized. The brown 
powder was shaken overnight with 100 ml of 1% sodium hydrox- 
ide at 2-3° to hydrolyze O-acetyl groups. Finally, the tan pre- 
cipitate was filtered, washed with 1% hydrochloric acid, and 
dried. The resulting product weighed 180 mg, and yielded an 
acetyl value of 18.1%, close to that obtained with chitin. Al- 
though the preparation was insoluble in cold 1% sodium hydrox- 
ide, it was completely soluble in 10% sodium hydroxide when 
heated at 100° for 30 minutes. Neutralization of the alkaline 
solution yielded a precipitate. Since hot alkali extraction is 
often used for the isolation and identification of chitin (13, 23), 
the presence of fully acetylated galactosaminoglycan in the my- 
celia should not interfere with these methods. 

Hexosamine Polymers in A. parasiticus Mycelia—Appreciable 
quantities of galactosamine were found in the hydrolyzed mycelia 
of A. parasiticus. The mycelia collected from 3-, 4-, 5-, and 
7-day cultures were washed, dried in a vacuum over CaCl, and 
pulverized. To remove any contaminating galactosaminogly- 
can, the fine powder was washed copiously with 1% hydrochloric 
acid. After hydrolyzing samples in 4 n hydrochloric acid and 
removing the latter in a vacuum, the hydrolysates were analyzed 
by ion exchange chromatography (Table II). The per cent 
glucosamine may be seen to increase as growth proceeded, but 
the amount of galactosamine decreased. The galactosamine com- 
ponent was partially purified as follows. On extracting the acid- 
washed mycelia from 3-day-old cultures with 10% sodium 
hydroxide at 100° for 30 minutes the glucosamine component, pre- 
sumably chitin, was insoluble. The material is not pure chitin, 
however, since paper chromatography of a hydrolysate (butanol- 
ethanol-water, 4:1:1) showed the presence of some neutral sugar 
and amino acids in addition to glucosamine. All of the galactos- 
amine components became soluble during the alkaline treatment 
and a variable amount, from 0 to 22%, was reprecipitated by 
acidifying the alkaline extract with hydrochloric acid. The 
precipitate exhibited the following analyses (molar ratios): N, 
hexosamine, amino nitrogen; 1.00, 0.40, 0.03. The precipitate 
was hydrolyzed and subjected to paper chromatography (buta- 
nol-ethanol-water, 4:1:1) which indicated the presence of galac- 
tosamine, a neutral sugar with the same Ry as glucose, and sev- 
eral spots which stained with ninhydrin, probably amino acids. 

Galactosamine in Other Fungi—A survey of 11 fungi showed 
galactosamine to be present in 6 strains (Table III). In these 
experiments, mycelia were obtained early in the growth period 
in the same manner as described for A. parasiticus. The mycelia 








were dried, pulverized, washed with acid, and hydrolyzed. Ion 
TABLE II 
Hexosamine content of Aspergillus parasiticus mycelia 
Culture age Glucosamine* Galactosamine* 
% % 
BOs iis) eds wins 4.1 4.0 
Meayeed 4 euiiad 5.8 3.2 
ee ee 5.1 2.3 
OS RS Pe ee 4.8 2.7 











* Calculated as grams of N-acetylated, anhydro sugar per 100 
g of dried mycelia. See text for details. 


Aspergillus parasiticus Galactosamine 
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TaBLeE III 
Galactosamine content of young fungal mycelia 


The organisms were grown until approximately 100 mg of dried 
mycelia could be obtained from 100 ml of media. 














Organism Glucosamine* Galactosamine* 

% % 
Aspergillus parasiticus.......... 4.1 4.0 
Aspergillus oryzae............... 8.3 2.7 
Aspergillus niger............... 4.8 2.3 
Helminthosporium sativum....... 1.2 a2 
Neurospora tetrasperma......... 2.8 0.6 
Neurospora crassa............... 2.6 0.4 
ORNs os 10.4 0.2 
Dactylium dendroides............ 7.9 0.0 
Penicillium notatum............. 5.5 0.0 
Aphanomyces cladogenes......... 3.5 0.0 
Glomerella cingulata............ 2.5 0.0 





* Calculated as grams of N-acetylated, anhydro sugar per 
100 g dried mycelia. 


exchange chromatography showed that 6 of the 11 strains con- 
tained 0.2 to 4.0% galactosamine (calculated as the N-acetylated 
anhydro sugar). 

Since the A. parasiticus mycelial galactosamine content varies 
with age, conceivably the fungi which did not contain galactosa- 
mine were not harvested at the optimal times. 


DISCUSSION 


Although the occurrence of galactosamine in fungi has not 
to our knowledge been previously recognized, it is apparent that 
the hexosamine is widely distributed in this group of organisms. 
Whether galactosamine is always present in fungi as galactos- 
aminoglycan or in the form of related polysaccharides is not 
known. Galactosaminoglycan is also of interest since it bears a 
positive charge in contrast to all other naturally occurring poly- 
saccharides, excluding chitosan (5) which perhaps is also pro- 
duced by fungi. 

Relatively little is known about the metabolism of galactosa- 
mine or of N-acetylgalactosamine. Kinases are known for these 
sugars in mammalian tissue (24) ; the products here are apparently 
the 1-phosphate esters. This may indicate a metabolic pathway 
similar to galactose where the 6-phosphate ester is not involved. 
On the other hand, an acid-stable phosphate ester of galactos- 
amine has been reported in cartilage (25), and galactosamine 
6-phosphate is enzymatically N-acetylated by a preparation 
which was thought to be specific for glucosamine 6-phosphate 
(26). Furthermore, Davidson (27) has recently reported that a 
purified kinase obtained from A. parasiticus converts galactose, 
galactosamine, glucose, and glucosamine to the corresponding 
6-phosphate esters. Originally, free acetylgalactosamine was 
reported to arise from UDP-acetylglucosamine in the presence 
of rat liver extracts (28), but the product has since been shown 
to be N-acetyl-p-mannosamine (29). Subsequently, extracts of 
bacteria were found to convert UDP-acetylglucosamine to UDP- 
acetylgalactosamine (30); the enzyme in this case was different 
from the UDP-glucose-4-epimerase. Rat liver extracts also } 
contain the UDP-acetylglucosamine-4-epimerase (31) but the 
enzymatic activity has not yet been shown to be distinct from 
the rat liver UDP-glucose-4-epimerase. The rat liver prepara- 
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tion also catalyzes the conversion of UDP-glucosamine to UDP- 
galactosamine. The latter activity may be important in the 
synthesis of galactosaminoglycan which is only partially N- 
acetylated. On the other hand, UDP-glucosamine has not been 
isolated from nature, and it is possible that the UDP-glucosamine 
epimerization may be due to enzymatic nonspecificity. 

In this connection, it should be noted that a chitin synthetase 
system from fungi has been reported (32); the substrate was 
UDP-acetylglucosamine. Since the enzymatic product con- 
tained no galactosamine, and since galactosaminoglycan contains 
no glucosamine, it appears likely that the synthesis of glucos- 
amine and of galactosamine polymers are catalyzed by specific 
systems. 

Galactosaminoglycan has not been proved to be a single molec- 
ular species. Different preparations were found to vary slightly 
in acetyl content. It is therefore possible that this polysac- 
charide, isolated from the media, results from enzymatic deace- 
tylation of an acetylated galactosamine polymer associated with 
the mycelia. This is indicated by the lag noted in the produc- 
tion of the polymer found in the media during early stages of 
growth. The fact that the highest percentage of galactosamine 
is found in the mycelia at this early stage suggests a transfer of 
galactosamine polymers from the mycelia to the media. Identi- 
fication of the galactosamine-containing component in the my- 
celia must, however, await further purification. Treatment of 
the mycelia with hot alkali to solubilize the polymer is an objec- 
tionable means of purification since further treatment of this 
type produced dialyzable Elson-Morgan positive material, thus 
indicating degradation. 

The positive optical rotation of galactosaminoglycan may indi- 
cate a linkages. This being true, it would differ from chitin 
and cellulose which are known to contain 6 linkages and exhibit 
negative rotations. We must stress, however, that galactos- 
aminoglycan may be a branched polysaccharide and would 
therefore differ greatly from chitin or chitosan. 


SUMMARY 


The isolation of a polysaccharide containing galactosamine is 
described. It was found in the growth medium of Aspergillus 
parasiticus. Analysis of the polysaccharide, called galactosa- 
minoglycan, showed that the galactosamine residues were ap- 
proximately one-third N-acetylated; the remaining amino groups 
were uncombined. Galactosamine was also found associated 
with the mycelia as an acid-insoluble, nondialyzable component. 
After chemical N-acetylation of galactosaminoglycan, the prod- 
uct exhibited the same solubilities as the galactosamine-contain- 
ing component in the mycelia. The possible relationship of the 
latter substance to chitin is discussed. Acid-insoluble galactos- 
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amine polymers were found in varying concentrations in the 
mycelia of several fungi. 
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Although impairment of glucose utilization by the liver is a 
characteristic feature of the alloxan-diabetic rat (1-3), the meta- 
bolic site of this block is not certain. Tracer studies with C¥- 
labeled glucose, carried out in liver slices, suggest that glucose 
phosphorylation is the affected step (1, 3); however, there is a 
dearth of information concerning the enzyme system responsible 
for glucose phosphorylation in liver (4-6). Direct assays of 
liver glucokinase have been hampered principally by the presence 
of a powerful glucose 6-phosphatase. Crane and Sols (7) re- 
ported that this interfering enzyme can be removed with the 
microsomes by centrifugation at 100,000 x g after homogeniza- 
tion, and stated that the extract so obtained phosphorylates 
glucose at the rate of 0.4 to 0.6 umole per g tissue. However, 
they gave no further details concerning the method of assay or 
the properties of this enzyme. 

With this observation as a point of departure, we undertook 
direct assays of this soluble glucokinase in rat liver in fed, fasting, 
and diabetic rats, and our results are described in this preliminary 
report. 


EXPERIMENTAL PROCEDURE 


After consideration of available glucokinase assay procedures 
(7), a convenient and reliable method was found in coupling the 
reaction with glucose 6-phosphate dehydrogenase. A highly 
purified preparation of this enzyme, essentially free of hexokinase, 
was available to us from the Sigma Chemical Company. With 
an excess of the dehydrogenase the glucose 6-phosphate is rapidly 
and quantitatively oxidized, and the reaction is followed by 
TPN* reduction, with the Beckman DU spectrophotometer. 

Tissue Preparation—The following method is adapted from 
the procedure described by Crane and Sols (7). Male rats 2 to 
4 months old, obtained either from Carworth Farms (CFN 
strain) or Charles River Breeding Company (CD strain), were 
killed by decapitation and their livers were immediately perfused 
in situ via the hepatic veins with 30 ml of an ice-cold buffer solu- 
tion of the following composition: 0.15 m KCl; 0.005 m sodium 
ethylenediaminetetraacetate; 0.005 m MgCl; pH 7.0. The 
entire liver was then excised, weighed, and homogenized, with 
the use of 2.0 ml of the above buffer solution per g of liver. The 
tissue was dispersed with a Servall Omni-Mixer at an input of 


* Aided by grants from the National Cancer Institute of the 
National Institutes of Health, and the American Cancer Society. 

{ This work will constitute part of a thesis to be presented by 
David L. DiPietro to the Graduate Council of Temple University 
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60 volts for 75 seconds while cooling in an ice water bath, then at 
100 volts for an additional 15 seconds (this instrument has a 
maximal speed of 14,000 r.p.m. with an input of 115 volts), 
Microscopic examination of the resulting homogenate revealed 
many intact nuclei, mitochondria and some red blood cells, 
The homogenate was transferred to 50-ml Lusteroid tubes and 
centrifuged at 5° in an Aminco CSI centrifuge for 15 minutes at 
9,000 x g. This preliminary centrifugation removes most of 
the heavier cellular particles and facilitates subsequent recovery 
of the soluble protein fraction. Centrifugation of the resultant 
supernatant solution was carried out for 30 minutes in a Spinco 
model L ultracentrifuge at 100,000 x g. The clear yellow-to-tan 
supernatant was drawn up into a syringe equipped with a 50- 
gauge blunted spinal needle, taking care not to disturb the fatty 
layer at the top of the tube or the loosely packed sediment at the 
bottom. The yield at this stage is approximately 10 to 15 ml of 
protein solution from a 12-g liver; it contains the equivalent of 
330 mg wet weight of liver per ml, and 25 to 30 mg of protein per 
ml as determined spectrophotometrically (8). It is substantially 
free of glucose 6-phosphatase activity. Upon overnight dialysis 
at 1-4° against the above described buffer solution, or on standing 
at —3 to 0°, a slight precipitate settles out, and there is a variable 
loss of hexokinase activity. Some preparations lose as much as 
30% of their initial activity overnight, but others remain stable. 
Further details of the properties and kinetics of this enzyme will 
be reported separately. All of the assays here reported were 
performed without delay on the undialyzed material, at the 
room temperature, 21° to 25°. 

Assay—To conserve the dehydrogenase and TPN‘, the assay 
was conducted in microcuvettes of the Beckman model DU 
spectrophotometer in a total volume of 0.4 ml. The assay 
medium contained the following substances in the designated 
final concentrations: 0.044 m sodium glycylglycine buffer pH 
7.5; 0.75 mm TPN*; 7.5 mm MgCl; glucose 6-P dehydrogenase, 
0.02 Kornberg units (9) per cell; 3 mm ATP and 0.1 m glucose. 
Two cells are used in a typical assay: one contains the complete 
system, and ATP is omitted in the second. The reaction is 
started by adding 0.01 ml of the enzyme preparation, correspond- 
ing to 3.3 mg of fresh liver, and the optical density is read each 
minute for 15 to 20 minutes. As seen in Fig. 1, the reaction is 
constant with time and the blank value is about 5 to 15% that of 
the cuvette with ATP. The blank is probably due in part to 
endogenous glucose 6-phosphate formation from glycogen or 
glucose intermediates and in part to a very low hexokinase activ- 
ity in the dehydrogenase preparation. The measured optical 
density change in the sample cell over 15 minutes was usually 
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Fic. 1. Glucokinase assay in liver of normal, fed rat. Experi- 
mental conditions are as described in the text. Total volume of 
medium was 0.4 ml and each cuvette contained 0.01 ml of enzyme, 
equivalent to 3.3 mg fresh weight of liver. A, complete system; 
0, ATP omitted. 


about 1 OD unit. Rates were calculated usually over the 5- to 
15-minute period, during which the optical density changes were 
strictly linear, assuming a molar absorbancy, au, of TPNH of 
6.2 X 10° at 340 my. 

Animals—The normal fed rats were kept on a diet of commer- 
cial rat checkers, and the fasted animals were deprived of food, 
but given water ad libitum for 48 hours. The alloxan-diabetic 
rats were obtained by a single intraperitoneal injection of re- 
crystallized alloxan at a dosage of 140 mg per kg, and were not 
used for at least 2 weeks. All diabetic animals used in this study 
were excreting at least 5 mg of glucose per day and had blood 
sugars of at least 250 mg per 100 ml. ; 


Incubations were conducted at 21-25° for 15 to 20 minutes. 
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RESULTS 


Comparisons of soluble liver glucokinase activity in normal 
fed and fasted and in fed alloxan-diabetic rats are presented in 
Table I. On a particular day, assays were run concurrently on 
two or three normal fed rats and on two or three 48-hour fasted 
or diabetic rats. Such data were combined for presentation in 
Table I. Normal fed rats, approximately 2 to 3 months old and 
weighing about 300 g (lines 3 and 4, Table I), had a soluble liver 
glucokinase activity of 0.8 to 0.9 units per g of liver. Since these 
liver preparations have a high 6-phosphogluconate dehydro- 
genase activity, each glucose 6-phosphate molecule reduces 2 
TPN* molecules; hence, the activity corresponds to the phos- 
phorylation of about 0.4 umole of glucose per minute per g of 
liver. Renold et al. (1), with indirect calculations based on 
C-incorporation from labeled glucose, report average values for 
total glucose phosphorylation of about 70 umoles per 90 minutes, 
with an uncertainty of calculation which leads to a range of from 
37 to 89 umoles. This corresponds to a range of from 0.40 to 1 
umole per minute per g of liver. Thus the soluble enzyme 
probably accounts adequately for the total phosphorylation 
observed in liver slices in vitro. The interesting observation 
was made, however, that somewhat older and heavier rats, e.g. 
those 3 to 4 months old and weighing about 450 g, had a gluco- 
kinase activity of 1.9 + 0.4 units per g of liver corresponding to 
the phosphorylation of 0.95 + 0.2 umole of glucose per minute, 
which is twice the value obtained with the lighter rats. Because 
of the large livers of these heavier rats, the difference was in- 
creased to 3-fold when calculated on the basis of the amount per 
whole liver. 

With both the heavier and lighter rats, fasting for 48 hours 
led to a consistent drop in glucokinase activity to 40 to 46% of 
the normal fed values on a per g liver basis. Little or no change 
was observed after 24 hours of fasting. In the heavier animals, 
the liver weights dropped disproportionately with fasting, thus 
bringing the glucokinase activity per whole liver to 26% of the 
fed value. 

A drop to an average of 40% of the normal, fed value per g 
liver was also observed in the alloxan-diabetic rats. The same 
ratio was maintained for the values calculated per whole liver. 
However, because of the somewhat lighter weights of the di- 


TABLE I 
Specific activities of soluble liver glucokinase from fed, fasting, and diabetic rats 


Rates were determined by measuring optical density changes over 
strictly linear periods, usually between 5 and 15 minutes. One unit of activity represents the formation of 1 umole of TPNH per min- 
ute under the conditions described in the text. Averages and their standard deviations are given in the table. 























Activity, units 
Condition of animal ens Body weight 
Per g liver Per whole liver Per 100 g rat 
g 

Normal, fed 5 456 + 85 1.9 + 0.4 31 + ll 6.7 + 1.2 
Normal, fasting a yt oy 0.75 + 0.09 8.14 1.4 2.0 + 0.2 
Normal, fed 6 311 + 40 0.81 + 0.10 10.2 + 2.0 3.4 + 0.38 
Normal, fasting . pond a | 0.37 + 0.08 3.9413 1.3 + 0.3 
Normal, fed 13 273 + 46 0.92 + 0.21 10.8 + 3.1 3.9 + 0.8 
Alloxan-diabetic 13 213 + 64 0.37 + 0.16 4.3 + 2.0 2.1+0.8 











XUM 


* Body weights before and after fasting 48 hours with access to water. 
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abetic rats, part of this difference disappeared when the activity 
was calculated per 100 g of rat, this ratio being 2.1 x 100/3.9 = 
54%. 


COMMENT 


While this work was in progress, two other reports appeared 
which deal with liver glucokinase in alloxan diabetes. In an 
abstract, Vester (10) reported no difference in glucokinase activ- 
ity of fed, fasted, and diabetic rat liver, with a method similar 
to ours, but differing in details concerning the extract preparation 
and in using the endogenous glucose 6-phosphate dehydrogenase 
for glucose 6-phosphate oxidation. However, his reported spe- 
cific activities were only } to 3 of ours. Bekina and Petrova (5) 
reported an inhibition of glucose phosphorylation in livers of 
alloxan-diabetic rabbits, but glucokinase activity per se was not 
directly determined, and the role of increased glucose 6-phos- 
phatase in their results was acknowledged. 

The present results, which indicate a marked reduction of 
glucokinase activity in fasting and alloxan diabetes, are in accord 
with prevalent data demonstrating changes in other hepatic 
enzyme activities in these conditions (11-15). Weber and 
Cantero (12) observed marked increases of glucose 6-phospha- 
tase, and moderate progressive decreases in phosphohexose 
isomerase and phosphoglucomutase activities per g of fresh liver 
of rats fasted up to 6 days. When calculated on the basis of the 
activity per unit weight of rat, however, all three activities de- 
creased markedly. A small absolute increase of glucose 6-phos- 
phatase activity in fasting has also been reported by Langdon 
and Weakley (13) and by Ashmore et al. (14), and a marked 
increase of this enzyme in alloxan diabetes is well established 
(13-15). Decreases of hepatic phosphoglucomutase and 6-phos- 
phogluconic dehydrogenase in alloxan-diabetic rats were re- 
ported by Fitch et al. (15), but changes in phosphohexose isom- 
erase and glucose 6-phosphate dehydrogenase were variable 
and diet-dependent. 

The present results, which demonstrate a consistent impair- 
ment of specific and total activity of hepatic glucokinase in 
fasting and alloxan diabetes, are in accord with conclusions based 
on data obtained with tracer studies in rat liver slices (1, 2). 
However, it is difficult to envision that the 60% decrease in 
activity of this enzyme is alone responsible for the extreme, viz. 
10- to over 100-fold decreases in the conversions of glucose to 
glycogen, fatty acids, and carbon dioxide, noted by Renold et al. 
(1) in liver slices of alloxan-diabetic rats. It is plausible to 
assume on the basis of these and previous data that the defective 
glucose utilization characteristic of the liver in diabetes is due 
to the combined effects of decreased glucokinase and increased 
glucose 6-phosphatase activities, thus lowering the “steady 
state” glucose 6-phosphate concentration. Such an assumption 
is in line with the recent demonstration by Steiner and Williams 
(16) of low hepatic glucose 6-phosphate levels in fasted and al- 
loxanized rats. However, these authors observed a striking rise 
in glycogen deposition without concomitant increase in glucose 
6-phosphate on insulin injection; hence, glucose 6-phosphate con- 
centration does not appear to be the limiting factor in glucose 
utilization under these circumstances. 

On the other hand, certain recent observations concerning 
the reversibility of the hepatic glucose 6-phosphatase reaction 
may call into question the validity of the estimations of glucose 
phosphorylation based on the tracer experiments in liver. Haas 
and Byrne (17) and Segal (18) demonstrated that the action of 
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glucose 6-phosphatase is reversible, and their studies have made 
it evident (19) that the resultant exchange between glucose and 
glucose 6-phosphate leads to an appreciable incorporation of C¥ 
in the latter without involving net glucose phosphorylation, 
These observations raise the question, to what extent the C™. 
incorporation data in liver slices truly represent hepatic gluco- 
kinase activity. However, reversibility of glucose 6-phosphatase 
could not be responsible for the low apparent glucose phosphoryl- 
ation in liver slices of diabetic rats, inasmuch as the increased 
glucose levels as well as increased hepatic glucose 6-phosphatase 
in this condition should lead to more rather than less C™-incor- 
poration. 

The present results were obtained with a soluble glucokinase, 
and the possibility must be considered whether a particulate 
enzyme is also present, as in brain (20). It was already pointed 
out that the measured specific activities of this soluble enzyme 
were sufficiently high to account for the phosphorylation of glu- 
cose estimated to occur in rat liver slices (1), and when one takes 
into account the temperature differential,’ it can be assumed 
that the enzyme activity is more than adequate to account for 
the observed glucose phosphorylation in liver slices. In vivo, 
glycogen synthesis occurs at a rate sufficiently rapid to build up 
the hepatic stores to about 3%, i.e. 30 mg per g of liver in about 
4hours. At the observed average specific activity of 0.46 umole 
of glucose phosphorylated per g of liver, the maximal synthesis 
of glycogen in 4 hours would be expected to be 0.46 x 162 x 
60 x 4/1000 = 17.9 mg, or about 1.8%, a value somewhat below 
the observed rate in vivo. However, since the enzyme should 
approximately double its activity at 37°, the observed activity 
is theoretically capable of accounting for the high rate of glycogen 
repletion after glucose feeding. Attempts to reveal a particulate 
glucokinase in liver are now under way. 


SUMMARY 


A liver extract from which glucose 6-phosphatase activity has 
been removed by ultracentrifugation has been used as a source 
of enzyme for assay of hepatic glucokinase activity. The method 
involves the coupling of glucokinase with an exogenous source of 
glucose 6-phosphate dehydrogenase, and measurement of TPN+ 
reduction in the Beckman spectrophotometer at 340 mu. The 
specific activity of this soluble glucokinase is sufficiently high to 
account for previous estimates of glucose phosphorylation in 
liver slices and for the high rate of glycogen synthesis in the in- 
tact rat. Fasting or alloxan diabetes caused a lowering of he- 
patic glucokinase activity on a per g liver basis to about 40% of 
the value for normal, fed rats. 
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1 Preliminary experiments have shown that the reaction rate is 
approximately doubled at 38°. 
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Succinic thiokinase catalyses the equilibrium: 
Succinyl-CoA + NDP + PO,= succinate + NTP + CoA (1) 


where NDP and NTP represent nucleotide di- and triphosphates. 
Alone among the enzymes of the tricarboxylic acid cycle, succinic 
thiokinase catalyzes a substrate-level phosphorylation which 
preserves the energy content of an acyl coenzyme A derivative. 
Succinic thiokinase of mammalian heart and kidney is further- 
more unique in its absolute specificity for the guanosine and ino- 
sine nucleotides (2), the corresponding enzymes from spinach 
and Escherichia coli having been reported to be adenosine nucleo- 
tide-linked (3, 4). Utilizing succinic thiokinase of spinach to 
study the substrate and cofactor requirements for a series of ex- 
change reactions, Kaufman (5) has proposed a reaction mecha- 
nism involving enzyme-coenzyme A-phosphate as a transition 
state. Smith et al. (6) have claimed that succinic thiokinase from 
E. coli can be resolved into two distinct enzyme fractions cata- 
lyzing reactions 2 and 3. 


ATP + CoA = ADP + CoA-PO, (2) 
CoA-PO, + succinate = succinyl-CoA + PO, (3) 


The present study was undertaken in an attempt to discover 
whether the mammalian enzyme differed from or resembled the 
spinach and £. coli enzymes in any respect other than nucleotide 
specificity. This paper reports the further purification of hog 
kidney succinic thiokinase and a comparison of its properties 
with those reported for the enzymes prepared from other sources. 


EXPERIMENTAL PROCEDURE 


Materials 


a-Ketoglutarate and coenzyme A were purchased from Nutri- 
tional Biochemicals Corporation and Pabst Laboratories, respec- 
tively. ITP, GTP, IDP, and GDP were obtained from the 
Sigma Chemical Company. Succinyl phosphate was synthe- 
sized from succinic anhydride and potassium phosphate and 
assayed by succinhydroxamate formation (7). The alumina Cy 
gel used (8) was aged for two years before use. Freshly prepared 
gel was not tested. a-Ketoglutaric dehydrogenase was prepared 


* This work is taken from the thesis of R. Mazumder sub- 
mitted to the Graduate School of the University of California in 
partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. Supported by Grant No. RG-2654 from the 
National Science Foundation. A preliminary report has ap- 
peared (1). 

+ Present address, Department of Biochemistry, New York 
University College of Medicine, New York 16, New York. 

t Established investigator of the American Heart Association, 
Inc. Present address, Gerontology Branch, National Heart 
Institute, Baltimore City Hospital, Baltimore 24, Maryland. 


according to Sanadi et al. (9) and was then further purified by 
isoelectric precipitation (2). 


Methods 


Protein concentration in the acetone powder extract and Frac- 
tion III was determined by a biuret method (10). In all other 
fractions, the spectrophotometric method of Warburg and 
Christian (11) was used. 


Estimation of Succinic Thiokinase Activity 


Two methods were used. 

Optical Assay—The conditions for the a-ketoglutaric dehydro- 
genase-coupled assay of Hift et al. (2, 12) was used with the 
following minor modifications. The quantities of CoA and DPN 
taken were decreased to 0.025 mg and 0.5 umole, respectively, 
and 0.3 umole of IDP was substituted for 0.05 umole of GDP. 
Changes in absorbancy at 340 my were recorded with a Beckman 
model DUR spectrophotometer, the thermostat set at 30°. The 
rate of DPNH oxidation with 0.3 umole of IDP approximates 
that obtained with 0.05 umole of GDP, hence the optical enyzme 
unit, defined as that amount of enzyme catalyzing a change in 
absorbancy of 1.0 per minute under the standard conditions of 
assay, is essentially identical to the previously defined optical 
unit (2). 

Hydroxamate Assay—The method was that used by Kaufman 
et al. (13), with the exception that 2 mg of bovine serum albumin 
were added to each tube in order to stabilize dilute solutions of 
enzyme, and 8 wmoles of ITP were used in place of ATP. The 
unit and specific activity are as defined by Kaufman (13). In 
the kinetic studies, the hydroxamate formed was determined in 
a total volume of 1.25 ml. After incubation, 0.75 ml of a freshly 
prepared solution containing equal volumes of 5% FeCls, 3.0 n 
HCl, and 12% trichloroacetic acid was added. When necessary, 
the solutions were clarified by centrifugation, and absorbancy 
measured at 540 my against an appropriate blank. Succinic 
anhydride was used as a standard substance. 

Commercial ITP was purified by ascending paper chromatog- 
raphy on Whatman No. 3 MM paper (14). The ITP band was 
cut out, washed with ether, and then eluted exhaustively with 
distilled water. The water eluate, which on rechromatography 
appeared homogeneous, was used as chromatographically pure 
ITP. For the quantitative determination of ITP, eluates were 
diluted to 5.0 ml with 0.06 n HCl and the absorbancy recorded 
at 260 my. Control strips of paper from the same chromatogram 
were treated similarly to correct for any absorbing materials 
eluted from the paper itself. 

In the P®-ITP exchange experiment, ITP and orthophosphate 
were separated by ion exchange chromatography as in the method 
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of Cohn and Carter (15) for adenine nucleotides. After incuba- 
tion, the reaction mixture was made 1 N with respect to NH,OH 
and percolated onto a 1.0 X 2.3 cm column of Dowex 1-X8, a 
strongly basic anion exchange agent, in the chloride form. The 
column was eluted successively with 40 ml of water; 70 ml of a 
solution 0.01 n in HCl and 0.01 m in NaCl; 130 ml of a solution 
0.01 N in HCl and 0.1 m in NaCl; and 170 ml of a solution 0.01 
x in HCl and 0.2 m in NaCl. Ten milliliter fractions were col- 
lected (Fig. 1). Phosphate was measured by the Lowry-Lopez 
method (16), and radioactivity measurements were made in a 
Tracerlab thin window Geiger counter and corrected for P® 
decay. The concentrations of the nucleoside di- and triphos- 
phates were determined by absorbancy at 260 my (17). 
Purification of Succinic Thiokinase 

The temperature was kept close to 0° during all manipulations 
unless mentioned otherwise. The pH was measured with a 
Beckman model G pH meter with small aliquots of enzyme solu- 
tion warmed to 25°. Centrifugation, unless otherwise noted, 
was continued until a clear separation was obtained. 

Acetone Powder of Washed Residue of Hog Kidney Cortex—This 
was prepared as described previously (2) with an International 
centrifuge in place of a Sharples centrifuge. Acetone powders 
were prepared at —5°, since powders prepared at —25° showed 
no greater recovery of enzyme units and gave extracts with a 
lower specific activity. The powders were dried rapidly at room 
temperature under an air current, stored in a vacuum at 5° over 
P.Os, and extracted within 3 days. The stability of acetone pow- 
ders was not investigated. 

First Ammonium Sulfate Fractionation—The extraction of the 
acetone powder and fractionation with ammonium sulfate was 
carried out as previously described (2), except that the quantities 
of ammonium sulfate added were increased to 32 and 23 g per 
100 ml for the first and second additions, respectively. The 
dialyzed solution, Fraction I, was stable for at least 1 week when 
kept frozen. 

Ethanol Fractionation—Fraction I was subjected to ethanol 
fractionation essentially as described previously (2), except that 
146 ml of 50% ethanol were used in place of 109 ml in the second 
ethanol addition, and during this addition the temperature was 
gradually lowered to —16°. The dialyzed ethanol fraction, 
Fraction II, was subjected to gel treatment the following day. 

Absorption on and Elution from Alumina Cy Gel—Fraction II 
was adjusted to a protein concentration of 10 mg per ml and to 
a phosphate concentration calculated to be 0.0108 m. Alumina 
Cy gel, 15 mg, per 100 mg of protein was added. The mixture 
was stirred for 10 minutes, centrifuged, and the residue dis- 
carded. Gel, 75 mg per 100 mg of protein present initially was 
added to the supernatant liquid. The suspension was stirred 
for 20 minutes, centrifuged, and the supernatant liquid discarded. 
The packed gel was dispersed by homogenization with small por- 
tions of 0.05 m potassium phosphate, pH 7.5, in a glass homog- 
enizer. More buffer was then added to this suspension to make 
the total buffer volume added equal to that of Fraction II after 
dilution to 10 mg protein per ml. The suspension was stirred 
for 20 minutes, centrifuged, and the supernatant liquid discarded. 
The packed gel was eluted with 0.2 m phosphate in the same way 
as above. The second or 0.2 m eluate is Fraction III. Since 
storage in the frozen state at neutral pH for 48 hours resulted in 
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Fic. 1. Elution of ITP from Dowex 1-X8 chloride. Shaded 
area represents inorganic phosphate, the dotted area, ITP. 


losses of up to half the initial activity, Fraction III was routinely 
subjected to immediate acetone fractionation. 

Acetone Fractionation—Acetone fractionation was carried out 
between 2 and 5°. If necessary, the protein concentration of 
Fraction III was adjusted to 1.7 to 2.1 mg per ml with 0.2 m 
potassium phosphate, pH 6.8. The pH was adjusted to 6.8 with 
1 N acetic acid (4.5 ml per 100 ml) and acetone at —10° (88 ml 
per 100 ml of solution) was added dropwise with stirring. The 
precipitate obtained after centrifugation was discarded, and the 
supernatant liquid fractionated again with acetone at —10° (33.3 
ml per 100 ml of solution). The precipitate obtained after cen- 
trifugation was suspended in a minimal volume of 0.02 m po- 
tassium phosphate, pH 7.2, and recentrifuged. The insoluble 
material was discarded and the supernatant liquid dialyzed 
against 200 volumes of the same buffer for 2hours. The dialyzed 
solution, Fraction IV, is stable to overnight storage at 0°. 

Second Ammonium Sulfate Fractionation—Just before fraction- 
ation, Fraction IV was diluted to a protein concentration of 2.75 
mg per ml with 0.02 m potassium phosphate, pH 7.2. To 
Fraction IV, solid ammonium sulfate (321 mg per ml) was added, 
with stirring. Stirring was continued for 10 more minutes, and 
the precipitate removed by centrifugation and discarded. To 
the supernatant liquid, ammonium sulfate (94 mg per ml of the 
original Fraction IV) was added as above. After centrifugation, 
the precipitate was dissolved in a minimal volume of 0.02 m 
potassium phosphate, pH 7.2, to give Fraction V. This final 
fraction retained essentially all its initial activity for more than 
a month when kept frozen, although repeated freezing and thaw- 
ing resulted in losses of up to one-half the initial activity. Frac- 
tion V was therefore stored in several small tubes at —20°. 

The results of a representative purification procedure are 
summarized in Table I. The specific activity of Fraction V 
appears to be directly related to the specific activity of the ace- 
tone powder extract, which varies somewhat due to unknown 
causes. Our best preparation of Fraction V, had a specific ac- 
tivity of 14 and 78 as determined by the optical and hydroxamate 
assays respectively. The specific activities of the partially puri- 
fied spinach and £. coli enzymes are reported as 43 (3) and 41 
(4) respectively, as assayed by the hydroxamate assay of Kauf- 
man et al. (13). 








TaBLeE I 
Purification of succinic thiokinase 


Data from a representative fractionation with 66 g of acetone 
powder. Enzyme activity was assayed by the spectrophoto- 
metric method. 




















Fraction Volume — ose = Yield 
ml mg units/mg % 
Acetone powder extract | 487 625 | 2843 0.22 | 100 
I | 30.7 | 500} 981 0.51 | 80 
II | 18.0 | 375 | 341 1.1 | 60 
III | 32.2 | 150 58 2.6 24 
IV | 4.0 90 11.0} 8.2 14.4 
V | 0.90| 66) 6.0/11.0 | 10.6 





Properties of Succinic Thiokinase 


Effect of pH—Succinic thiokinase assayed at various pH values 
by the optical assay showed maximal activity at pH 7.4 
(Fig. 2). 

Effect of Metal Ions—The ability of Mn++ and Zn*++ to replace 
the Mg++ requirement of succinic thiokinase was tested with the 
hydroxamate assay. At6 xX 10-*m concentrations, Mn++ was as 
effective as Mg**, whereas in the presence or absence of Zn*++ at 
the same concentration there was no discernable activity. 

Enzyme-Substrate Affinity Constants—The affinity of succinic 
thiokinase for succinate, ITP, GTP, CoA, and Mgt+ was deter- 
mined by the hydroxamate assay, and its affinity for GDP and 
IDP by the optical assay. In each case the concentrations of 
the reactants not under study were those of the appropriate 
standard assay procedure. The K, values calculated from 
double reciprocal plots of 1/v versus 1/S were: IDP, 3.8 x 10-5 
m; GDP, 1.7 x 10-° m (Fig. 3); succinate, 5.8 x 10-* m; ITP 
and GTP, 3.3 x 10-* m (Fig. 4); CoA, 1.0 x 10-* m; and Mg**, 
1.9 x 10° M. 

Arsenolysis of Succinyl CoA—It was previously reported that 
succinic thiokinase catalyzes a Mg++-dependent arsenolysis of 
succinyl-CoA which is inhibited by phosphate (2). These ob- 
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Fic. 2. Effect of pH. The activity of Fraction V was deter- 
mined under the standard conditions of the optical assay except 
that 100 wmoles of potassium phosphate buffer of different pH 
values were used. The pH determined at the end of each assay 
was taken to be the true value. 
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experimental conditions used were those of the standard optical 
assay, with the exception that 10 mm arsenate was substituted 
for phosphate and IDP. The reaction mixture consisted of (in 
umoles): a-ketoglutarate, 5; DPN, 5; cysteine, 10; Tris buffer, 
pH 7.5, 30; sodium arsenate, 30; and CoA, 0.025 mg. The mix- 
ture was incubated at 30° for 5 minutes and transferred to a 
cuvette. The following additions were then made in the order 
indicated to give a total volume of 3.0 ml. Assay No. 1: MgCl, 
10 umoles; a-ketoglutaric dehydrogenase, 0.6 mg; and Fraction 
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Fic. 3. Effect of IDP and GDP concentration. The data were 
obtained by the optical assay with Fraction V, with from 0.048 
to 0.48 umole of IDP or GDP. (S) is expressed as molarity of 
IDP or GDP. Velocity, v, is expressed as pwmoles of IDP 
(O——O) or GDP (@——@) turned over per minute. 
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Fic. 4. Effect of ITP and GTP concentration. Incubation 
volume was 0.5 ml. Additions, in wmoles, of components ad- 
justed to pH 7.4 were as follows: Tris buffer (pH 7.4), 30; CoA, 
0.03; glutathione, 6; succinate, 25; hydroxylamine, 240; MgCh, 
3.0; ITP and GTP from 0.3 to 0.75; albumin, 0.5 mg; and Frac- 
tion V, specific activity 45 Kaufman units per mg, 5 ug. The 
reaction was terminated by the addition of 0.75 ml of FeCl; re- 
agent (see ‘“‘Methods’’) and hydroxamate determined spectro- 
photometrically. (S) is expressed as molarity of ITP (O——O) 
or GTP (@——@®@). Velocity, v, is expressed as umoles of hy- 
droxamate formed per 30 minutes. 
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V, 0.5 unit; assay No. 2: MgCle, 10 uzmoles; potassium phosphate, 
pH 7.5, 5 umoles; a-ketoglutaric dehydrogenase, 0.6 mg; and 
Fraction V, 0.5 unit; assay No. 3: a-ketoglutaric dehydrogenase, 
0.6 mg; and Fraction V, 0.5 unit. In each case, the optical 
density change at 340 my was recorded for 1 minute after the 
addition of Fraction V. The observed rates of optical density 
change per minute were: assay No. 1, 0.102; assays No. 2 and 3, 
0.000. Upon addition of 10 umoles of MgCl, to assay No. 3, 
an optical density change of 0.108 per minute was observed. 
The observed rate of arsenolysis in assay No. 1 was approximately 
one-fifth that of the normal succinic thiokinase reaction under 
the standard assay conditions. 

Arsenolysis of IT P—It was previously reported that a prepara- 
tion of succinic thiokinase whose purity approximated that of 
Fraction II catalyzed the arsenolysis of ITP in the presence of 
CoA and Mg*+ (2). With the more highly purified Fraction V 
no such reaction was observed (Table II). No significant arse- 
nolysis of ITP was detectable in the absence of CoA or succinate 
even when relatively large quantities of enzyme were used. Dis- 
appearance of ITP in the complete and arsenate-free incubations 
can be attributed to the normal succinic thiokinase reaction. 
Reaction with Succinyl Phosphate—Experiments designed to 
show a reaction of synthetic succinyl phosphate with IDP in the 
presence of Fraction V were unsuccessful. Succinyl phosphate 
disappearance, as assayed by the succinhydroxamate method, 
was no greater in the complete system than in the IDP or enzyme- 
omitted controls. The observed disappearance of succiny! phos- 
phate is accounted for by its instability under conditions of the 
incubations. 

Incorporation of P*-labeled Inorganic Phosphate into IT P— 
When Kaufman et al. demonstrated the succinic thiokinase-cata- 
lyzed incorporation of P* from inorganic phosphate into ATP 
(13), it was not known that the substrates for the mammalian 
succinic thiokinase are the inosine and guanosine rather than the 
adenosine nucleotides. The observed incorporation was due to 
the combined activities of succinic thiokinase and nucleoside 
diphosphokinase. Fraction V catalyzed a rapid incorporation of 
P® from inorganic phosphate into ITP when incubated with 


TaBLeE II 
Experiment to test arsenolysis of ITP 

The complete system contained the following components (in 
umoles), all in a final volume of 0.2 ml: Tris buffer (pH 7.4), 5; 
MgCl., 2; sodium arsenate, 2; cysteine (pH 7.0), 2; ITP, purified 
by paper chromatography, 2; CoA, 0.1 mg; succinate, 2; and 
Fraction V (specific activity, 12.2 optical units per mg) 0.16 or 
1.6 optical units. The mixture was incubated for 30 minutes at 
30°, then kept at 65° for 2 minutes. After centrifugation to re- 
move precipitated protein, 0.02 ml aliquots of the supernatant 
liquid were subjected to paper chromatography. ITP was eluted 
and determined quantitatively by ultraviolet absorption. 














Corrected 

System Fraction V absorbancy 

at 260 mu 

optical units 

FE OCD OS: 0.16 0.190 
Breenate omitted .............00e008s 0.16 0.210 
{ Succinate omitted. .................. 0.00 0.270 
} Succinate omitted. .................. 1.60 0.280 
et GME Rak kee. CRA 1.60 0.290 
CoA and succinate omitted. ......... 1.60 0.260 
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TaBLeE III 


Incorporation of radioactive phosphate into ITP 

The complete system contained the following components (in 
umoles), in a final volume of 1.0 ml: Tris buffer (pH 7.4), 100; 
KH.P#0O,, 5; glutathione (pH 7.0), 10; ITP, 5; MgCl:, 10; sodium 
succinate (pH 7.5), 100; CoA, 0.75 mg; and Fraction V (specific 
activity, 30 Kaufman units per mg), 0.23 mg. The mixture was 
incubated at 30° for 30 minutes and worked up as described in the 
text. 

















Final specific radioactivity 
System Exchange* 
Phosphate ITP 
c.p.m. /wmole % 
COME). BEE. A. 6,670 5,000 84 
WO SUNCIMAIB) 8 S 11,060 305 5 
WetreAin ic ss) .2ccinink 10,800 0 0 
No succinate, no CoA....... 11,190 0 0 
i a cs ctehemeinnd 11,900 0 0 
IO CORNER. ..50:5---.50.6.6SSea5s 11,150 0 0 








* Exchange of 100% was taken to be 11,900/2 or 5,950 c.p.m. 
per umole of ITP. 


succinate, CoA, Mg++, ITP, and phosphate. A much slower 
exchange was observed in the absence of added succinate, and 
none when any other component of the complete system was 
omitted (Table ITI). 


DISCUSSION 


At each step in the purification procedure, the recovery of 
enzyme units in the various fractions of that step was 80 to 90% 
of the quantity present initially. These uniformly high recov- 
eries indicate that no significant resolution of the mammalian 
enzyme took place during this 50-fold purification procedure. 
Thus our observations are consistent with those of Kaufman (5) 
who failed to observe any resolution of the spinach enzyme, 
rather than those reported by Smith et al. (6) for the E. coli 
preparation. 

Sanadi et al. had reported previously (2) that in the equilib- 
rium catalyzed by mammalian succinic thiokinase, IDP was less 
effective than GDP as a phosphate acceptor. This observation 
is attributable to the K,, values for the two nucleotides. Al- 
though they differ by only about 2-fold, this is sufficient to ex- 
plain that although at low concentrations IDP is less effective 
than GDP, as their concentrations are increased the ratio of the 
rate with GDP to that with IDP approaches unity. By con- 
trast, ITP and GTP are equally effective as phosphate donors. 
The K,, values for the trinucleotides are the same, within ex- 
perimental error, and about 100-fold higher than those of the 
dinucleotides. Whether the guanosine or inosine nucleotides 
serve as the physiological phosphate donors and acceptors is 
thus a question unlikely to be answered by studies on the purified 
enzyme. 

The previously reported arsenolysis of ITP in the absence of 
CoA and Mg** (2) was not confirmed by studies with the more 
highly purified enzyme. The former observation is now thought 
to have been due to an impurity present in the cruder preparation 
and removed by subsequent purification. The arsenolysis was 
difficult to explain on the basis of current concepts of the mecha- 
nism of the reaction, and its invalidation lends support to the 
mechanism proposed by Kaufman (5). 
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The ability of mammalian succinic thiokinase to catalyze the 
arsenolysis of succinyl-CoA and the effective inhibition of this 
arsenolysis by phosphate strongly suggest that phosphate is the 
acceptor of some moiety transferred from succinyl-CoA (2), and 
is consistent with the formation of either succinyl phosphate or 
phosphoryl-CoA as a free intermediate. We were unable how- 
ever, to demonstrate transfer of phosphate from succinyl phos- 
phate toIDP. This observation supports the work of Kaufman 
on the spinach enzyme, but does not, as he pointed out, rule out 
succinyl phosphate as an enzyme-bound intermediate. 

The exchange of inorganic phosphate-P® into ITP in the 
presence of the complete system parallels the exchange experi- 
ments with ATP and the spinach enzyme (5), and confirms the 
substrate level phosphorylation of a non-adenine dinucleotide 
(2). In conjunction with the column procedure, this provides a 
simple preparative procedure for obtaining ITP, and also GTP 
labeled with P® in the terminal phosphate group. 

The slow exchange of P*-labeled phosphate into ITP in the 
absence of any added succinate (Table III) was not observed by 
Kaufman (5) with the spinach enzyme, but has been reported for 
a purified succinic thiokinase preparation from £. coli (4). The 
slow exchange observed with the hog kidney enzyme is thought 
to be due to traces of a contaminating enzyme. It is possible 
that the latter is identical with the impurity responsible for the 
previously observed arsenolysis of ITP. The sensitivity of the 
method used to detect arsenolysis is inferior to that of measuring 
P® exchange, and the occurrence of not very small amounts of 
succinate-free arsenolysis of ITP would have been detectable. 

Except for nucleotide specificity, the mammalian and spinach 
enzymes resemble one another closely in kinetic properties, the 
K,, values for succinate, CoA, and Mg** falling within 2- to 
3-fold of one another. Our studies, although more limited in 
scope than those of Kaufman, support his proposed mechanism 
for the succinic thiokinase reaction (5). 


SUMMARY 


Succinic thiokinase has been purified approximately 50-fold 
from acetone powder extracts of washed hog kidney cortex resi- 
due with about 10% recovery of initial activity. There was no 
indication of resolution into more than one enzyme during the 
course of purification. 
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The kinetic constants for inosine 5’-diphosphate, guanosine 
5’-diphosphate, inosine 5’-triphosphate, guanosine 5’-triphos- 
phate, succinate, coenzyme A, and Mgt+ for the mammalian 
enzyme are reported here for the first time. Mnt+, but not Zn*+, 
can replace the Mg++ requirement. 

Attempts to demonstrate the participation of succinyl phos- 
phate as a free intermediate in the mammalian succinic thioki- 
nase reaction were unsuccessful. 

The purified enzyme catalyzed an exchange of P*-labeled 
phosphate into inosine triphosphate in the presence of all the 
known components of the succinic thiokinase reaction. 
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It is well known that fatty acid synthesis is depressed in liver 
slices (1, 2) and homogenates (3, 4) prepared from alloxan-dia- 
betic rats. It has been suggested that this depression might 
result from a change in concentration or generation of cofactors, 
such as adenosine triphosphate (5), coenzyme A (6), and reduced 
triphosphopyridine nucleotide (7-10). It was the purpose of the 
study reported here to compare cofactor requirements for fatty 
acid synthesis in normal and diabetic rat liver homogenates. 


EXPERIMENTAL PROCEDURE 


Animals and their Treatment—The normal and diabetic rats 
used in this study were of the Long-Evans strain, weighed from 
200 to 300 g at the time they were killed, and had been fed an 
adequate stock diet, Diablo Labration. Diabetes was induced 
by tail-vein injection of 40 mg of recrystallized alloxan mono- 
hydrate (Eastman Kodak) per kg body weight. After the in- 
jections, both food and water uptake and urine excretion were 
measured daily for at least 2 weeks. Diabetic rats with urine 
outputs in excess of 100 ml per day and with fasting blood sugars 
higher than 250 mg per 100 ml were used. 

Preparation and Fractionation of Homogenates—Rats were 
killed by cervical fracture, and their livers were quickly excised, 
chilled, and weighed. The livers were minced and homogenized 
with 3 volumes of 0.1 m phosphate buffer (pH 7.5)! in a glass 
homogenizer of the Potter-Elvehjem type, the Teflon pestle of 
which had a tolerance of 0.5mm.? The nuclei and cellular debris 
were removed by centrifugation at 800 x g* for 10 minutes.‘ 


* Aided by a grant from the United States Public Health serv- 
ice. 
t Postdoctoral Fellow of the Deutsche Forschungsgemeinschaft. 

1In other experiments (17), 0.25 mM sucrose was used as the 
homogenizing medium. The results obtained with this method 
were the same as reported here, with regard to microsomal stimu- 
lation of fatty acid synthesis and oxidation of substrates. Phos- 
phate buffer was used throughout this study because the pH of 
homogenates prepared in sucrose solution was somewhat variable 
and tended to result in protein precipitation during treatment 
with Dowex 1-chloride. 

? The tolerance of the pestle seems to be critical. The use of 
tighter fitting pestles results in considerable breakdown of parti- 
cles, yielding a supernatant fraction with a higher protein concen- 
tration that can produce significant changes in specific activity 
of the fatty acid-synthesizing system. 

* All values for centrifugal force are given as the average force 
in the middle of the tube. 

‘The supernatant fraction obtained by this step is designated 
whole homogenate. 
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Mitochondria were removed by centrifugation at 8700 x g for 
10 minutes in the Spinco model L ultracentrifuge. The micro- 
somes were sedimented by centrifugation at 65,900 x g for 30 
minutes, and the clear supernatant fraction was decanted. The 
microsomal pellet was rehomogenized in isotonic (0.25 m) sucrose 
solution, and resedimented at 65,900 x g for 20 minutes. The 
isolated, washed microsomes were resuspended by homogeniza- 
tion in isotonic sucrose solution, and the volume was adjusted 
to one-tenth of the buffer volume used for homogenization of the 
liver tissue. 

In some experiments the supernatant fraction was passed 
through a Dowex 1-X8 (chloride form, 50 to 100 mesh) column 
(0.7 X 15 cm). All preparative procedures were carried out in 
a cold room maintained at 2-4°. Incubation of homogenates 
was begun 2.5 to 3 hours after the rats were killed. 

Incubation of Homogenate Fractions—The particle-free super- 
natant fraction, 1.5 ml, together with 0.1 ml of microsomes*® 
obtained from the same rat were incubated for 2 hours at 30° 
with 2 ml of a medium containing (unless otherwise noted) 240 
umoles of glycylglycine-KOH buffer pH 7.5, 60 umoles of re- 
duced glutathione (K salt), 70 wmoles of MgCle, 10 umoles of 
KHCOs, 6.2 umoles of K acetate, 48 umoles of ATP (K* salt), 
0.2 umole of CoA, 1.0 umole of DPN, 1.0 umole of TPN, 30 
umoles of glucose 6-phosphate (K+ salt), and 25 umoles of potas- 
sium citrate. Air was the gas phase. The flasks, which were 
provided with center wells (11), were mechanically agitated. 
At the end of the incubation period, 0.3 ml of 5 n KOH was in- 
jected through the rubber serum cap into the empty center well 
of the flask for CO. absorption, and immediately thereafter en- 
zymatic reactions were stopped by injecting 0.2 ml of 6 n HCl 
into the main compartment of the flask. 

Analytical Procedures—The collection of CO: and assay of its 
C™ content have been described (12). The C™-fatty acids were 
isolated and assayed in the following manner: 2 ml of 5 n KOH 
and 1 ml of 95% ethanol were added to each flask, and the mix- 
ture was heated on a steam bath for at least 3 hours. The mix- 
ture was allowed to cool to room temperature, transferred to 
centrifuge tubes, acidified with concentrated HCl, and extracted 
twice with 5-ml portions of n-hexane.* The combined hexane 


5 Supernatant protein and microsomal protein in the various 
experiments ranged from 15 to 30 and from 3 to7 mg, respectively, 
per incubation flask. 

* Experiments with palmitate-1-C“ demonstrated that this 
extraction procedure results in recoveries of more than 95% of 
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extracts were evaporated to dryness in a vacuum, and the lipid 
residue was redissolved in exactly 1.0 ml of n-hexane. Aliquots 
of this solution were mounted, at room temperature, on alu- 
minum planchets, and assayed for C“ to within 5% accuracy 
with a Nuclear-Chicago counter fitted with a Micromil window. 
Other aliquots of this hexane solution were evaporated, the 
residues were redissolved in acetone-ethanol (1:1), and 1 mg of 
cholesterol was added. Cholesterol digitonides prepared and 
purified as described by Hotta and Chaikoff (13) were dissolved 
in methanol and assayed for C™ activity as described above for 
the fatty acid fraction. Additional aliquots of the hexane solu- 
tion were dissolved in 2 Nn NaOH and extracted twice with pe- 
troleum ether. The petroleum ether extract, which contained 
the nonsaponifiable lipids, was washed twice with water, and 
assayed for C“ as described above. 

Gas Chromatography—The isolated fatty acid fraction was dis- 
solved in ether, and the solution was dried with sodium sulfate. 
The ether was evaporated in a vacuum, and the resulting fatty 
acid residue was treated with an excess of diazomethane in ether 
solution to form the methyl esters of the mixed fatty acids. A 
small aliquot of the methyl ester-containing solution was ap- 
plied to a silicone-treated celite column at 220°, and the chro- 
matogram was developed by passage of helium through the 
column at 30 ml per minute.’ The fatty acid methyl esters were 
detected with a katharometer, and automatically recorded on a 
Brown potentiometric recorder. The individually eluted methyl 
esters of different chain lengths were trapped in defatted cotton 
wool wetted with methanol. The esters so trapped were re- 
moved from the cotton wool with ether, the ether was evaporated 
in a vacuum, and the esters were saponified with sodium ethylate. 
The free acids were extracted into chloroform under acid condi- 
tions, and the chloroform solution was assayed for C™ activity 
on aluminum planchets. 

Protein was determined by the biuret method (14). 

Substrates and Cofactors—Acetate-1-C™ and acetate-2-C™ were 
prepared by the conventional Grignard reaction (15). Malo- 
nate-1-C™ was a gift from Dr. R. Lemmon of the Donner Labora- 
tory. Pyruvate-2-C“ was purchased from Isotope Specialties 
Company. 

Coenzyme A was purchased from Pabst Laboratories; TPN, 
DPN, and isocitric lactone from Sigma Chemical Company; 
ATP, fructose 1,6-diphosphate, fructose 6-phosphate, and 
reduced glutathione from Schwarz Laboratories; and glucose 
6-phosphate, creatine phosphate, and glycylglycine from Nu- 
tritional Biochemical Corporation. All barium salts were con- 
verted to potassium salts with the aid of Dowex 50 (K+ form). 
Isocitric lactone was converted to the potassium salt with KOH, 
and neutralized with HCl before use. 


RESULTS 


The cholesterol digitonides and nonsaponifiable lipid fractions 
contained very small amounts of radioactivity—less than 1% of 
the activity in the hexane extracts. Cholesterol synthesis oc- 








the added fatty acid. Acetate-1-C™, pyruvate-2-C™, lactate-1- 
C, succinate-1-C™, fumarate-2-C", citrate tertiary carboxyl-C™, 
acetoacetate-1,3-C'™, malate-3-C', malonate-1-C™, as well as 
8-hydroxybutrate and breakdown products of variously C"- 
labeled glucose 6-phosphates do not contaminate this hexane 
phase under the conditions of our extraction. Any labeled ace- 
tone is lost during subsequent evaporation of the hexane. 

7 The instrument used was the Aerograph (Wilkens Instrument 
and Research Inc., Berkeley). 
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curred only in the presence of glucose 6-phosphate and of both 
supernatant and microsomes, a finding that confirms the ob- 
servations of Bucher and McGarrahan (16). 

Gas chromatographic analysis of the methyl esters of the 
fatty acids synthesized by the liver homogenate fractions showed 
that the C™ activity was present predominantly in C-14 and 
C-16 peaks, with smaller amounts of radiocarbon in C-12 and 
C-18 peaks. 

Effect of Incubation Time on Fatty Acid Synthesis—The con- 
version of acetate to fatty acids by the recombined supernatant 
and microsomal fractions from normal and diabetic rat liver 
homogenates is shown in Fig. 1 as a function of time. Following 
an initial lag, synthesis was practically linear for 2 hours, after 
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Fic. 1. Effect of incubation time on the incorporation of 
acetate into fatty acids by normal and diabetic rat liver super- 
natant plus microsomal fractions. The values are averages from 


five experiments with different animals. For experimental de- 
tails, see Table I. 


TABLE I 
Magnesium requirement 


6.2 umoles potassium acetate-1-C' (5 X 105 c.p.m.), 240 umoles 
glycylglycine buffer pH 7.5, 60 wmoles reduced glutathione, 10 
umoles KHCO,, 48 umoles ATP, 0.2 umole CoASH, 1.0 umole DPN, 
1.0 umole TPN, 30 umoles glucose 6-phosphate, and 25 umoles po- 
tassium citrate were incubated with 1.5 ml of particle-free super- 
natant and 0.1 ml of a microsomal suspension in a final volume of 
3.6 ml for 2 hours at 30°; gas phase, air. Values are given as mp- 
moles acetate converted to fatty acids or CO, per mg superna- 
tant protein and standard errors. 
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Fic. 2. Effect of acetate concentration on its incorporation 
into fatty acids by normal and diabetic rat liver supernatant plus 
microsomal fractions. The values are averages from two experi- 
ments with different animals. For experimental details, see 
Table I. 
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Effect of Acetate Concentration—When the amounts of acetate 
were varied from 2 to 14.5 wmoles, the incorporation of C™ into 
fatty acids reached a maximum at 6.2 umoles, with both normal 


and diabetic? homogenate fractions (Fig. 2). This amount of 
acetate was therefore used in all subsequent experiments. 

ATP Requirement—Raising the ATP concentration from 0 to 
48 umoles resulted in a linear increase of fatty acid synthesis in 
both the normal and diabetic homogenate fractions (Table II). 

Since our homogenate systems contained active creatine phos- 
phokinase and myokinase, we used creatine phosphate to main- 
tain a constant supply of ATP for a longer period of time than 
is possible with ATP alone. Maximal incorporation of acetate 
into fatty acids per mg supernatant protein occurred with about 
140 wmoles of creatine phosphate; the decrease with higher con- 
centrations may have been due to the increased ionic strength 
of the medium. 

In these experiments the ratio of fatty acid synthesis in normal 
preparations to that in diabetic preparations was constant over 
a range of ATP concentrations. CO, production from acetate- 
1-C™ also showed a linear rise with increasing ATP concentra- 
tions, but the values obtained with normal and diabetic prep- 
arations were identical (Table II). 

Effect of pH—Medium pH (before additions of homogenate 
fractions) was varied from 6.5 to 8.0. The pH of the total in- 
cubation mixture was somewhat different because of the buffer 


TABLE II 
Influence of ATP concentration on appearance of C'* activity from acetate-1-C'* in CO, and C'*-fatty acids 
For experimental conditions and expression of data, see Table I. 























— Normal Diabetic 
No. of rats ATP reatine 
eteaine C'*-fatty acids | ; CO: C"-fatty acids Cc“O: 
pmoles umoles | | 

4 0 0 0.036 + 0.005 | 0.12 + 0.04 | 0.041 + 0.005 0.13 + 0.02 
1 6 0 0.84 | 2.0 
1 12 0 1.86 | 2.85 
3 24 0 3.6 + 0.4 6.0 + 0.5 | 0.95 + 0.05 6.6 + 0.07 
6 48 0 7.5+40.8 9540.7 | 2.0 +0.25 9.6 + 1.0 
3 12 35 4.3+0.5 6.8 + 0.7 1.2 + 0.18 7.0 + 0.8 
6 12 70 8.8 + 0.9 13.1 + 1.2 2.2+0.3 13.8 + 1.4 
6 12 140 11.0 + 1.2 14.3 + 1.1 | 2.9 + 0.3 14.2 + 1.5 
2 12 280 8.2 + 1.0 13.6 + 1.5 2.7 + 0.5 13.2 + 0.7 
2 20 AMP 70 7.5 + 0.4 8.5 + 0.6 2.1+ 0.4 5.0 + 1.0 





which there was almost no further incorporation of acetate into 
fatty acids. For this reason, a 2-hour incubation period was 
used in all subsequent experiments. 

Fatty acid synthesis in homogenate fractions prepared from 
livers of normal rats was 5 to 6 times greater than that observed 
in fractions prepared from livers of diabetic rats. 

Mg** Requirement—lIncreasing the magnesium concentration 
from 0 to 70 wmoles resulted in a constant increase in acetate in- 
corporation into fatty acids by both normal and diabetic liver 
preparations (Table 1). The ratio of fatty acid synthesis in 
normal preparations to that in diabetic ones was about 3 over 
this range. Increasing the Mg** concentration above 70 umoles 
markedly inhibited fatty acid synthesis in both cases. The 
effect of changing Mg** concentration was far less pronounced 
in C“O, production from acetate-1-C™ than in fatty acid syn- 
thesis. 


XUM 


capacity of the supernatant protein and of the phosphate buffer 
in which the homogenate was prepared. The pH at the start of 
the incubation ranged from 7.2 to 7.9. Maximal fatty acid syn- 
thesis occurred at pH 7.5; the values were slightly lower at pH 
7.7 with both normal and diabetic (supernatant plus microsomal) 
fractions (Fig. 3). 

The ratio of fatty acid synthesis in normal preparations to that 
in diabetic ones remained at 2.9 under these conditions. C™O, 
production reached a maximum between pH 7.5 and 7.7. The 
final pH after 2 hours of incubation was about one-fifth of a pH 
unit below that at the beginning of incubation. 

CoA Requirement—The effect of increasing amounts of CoASH 


8 To avoid repetition of the cumbersome expressions ‘‘prepared 
from the livers of normal rats’ and ‘‘prepared from the livers of 
diabetic rats,’’ the adjectives normal and diabetic, respectively, 
are used. 
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Fig. 3. Effect of pH on lipogenesis by normal and diabetic 
rat liver supernatant plus microsomal fractions. pH of the incu- 
bations was determined with a Beckman pH meter shortly after 
addition of the homogenate fractions. The values are averages 
from two experiments with different animals. For further experi- 
mental details, see Table I. 


TaBLe III 
CoA requirement for fatty acid synthesis 


For experimental conditions and presentation of data, see Ta- 
ble I. The values recorded below are the averages from three rats. 





Fatty acid synthesis per mg supernatant protein 




















CoA added | Before Dowex 1 treatment After Dowex 1 treatment 
| Normal | Diabetic Normal Diabetic 
: umoles | 
0 5.82 + 0.62) 1.42 + 0.21) 0.63 + 0.20) 0.64 + 0.15 
0.1 2.10 + 0.06) 1.28 + 0.07 
0.2 7.44 + 0.11) 1.93 + 0.35) 3.01 + 0.11) 1.39 + 0.05 
0.5 | 5.76 + 0.29) 1.51 + 0.25) 2.66 + 0.10) 1.14 + 0.10 
10 | 3.99 + 0.19) 0.94 + 0.10) 1.90 + 0.08) 0.85 + 0.03 





on fatty acid synthesis is shown in Table III. Small amounts 
of CoA up to 0.2 umole showed a stimulation of lipogenesis. 
Larger amounts inhibited. After Dowex 1 treatment of the 
supernatant fraction, which always resulted in considerable loss 
in activity of the fatty acid synthesizing system, the CoA re- 
quirement was more evident (Table III), and the ratio of ac- 
tivity of normal to diabetic preparations between 0.1 and 0.5 
umole of CoA was about 2. 

Effect of Glutathione and Other Reducing Agents—In some ex- 
periments, reduced glutathione in concentrations up to 60 umoles 
stimulated fatty acid synthesis; in others, however, particularly 
with several normal homogenates, such an effect could not be 
demonstrated. At concentrations of 120 umoles, glutathione 
inhibited, an effect which may have been due to the increase in 
ionic strength. 
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All other reducing agents tested (cysteine, 2,3-dimercapto-1- 
propanol, and mercapto-ethanol), in concentrations from 20 to 
50 umoles, showed a marked inhibition of fatty acid synthesis 
but not of CO, production from acetate. 

Requirement for Pyridine Nucleotides—Optimal fatty acid syn- 
thesis was achieved by addition of both DPN and TPN to the 
medium. Each of these nucleotide coenzymes alone had a stim- 
ulatory effect; that of TPN was consistently higher than that of 
DPN. When the particle-free supernatant had been treated 
with Dowex 1-chloride, fatty acid synthesis from acetate by the 
combined supernatant and microsomal fractions was very low 
without addition of pyridine nucleotides. The fact that both 
nucleotides were fairly similar in their stimulating effect (Fig. 4) 
might indicate the presence of a DPN-kinase in these homog- 
enates. 

Stimulation by Citrate—Fatty acid synthesis by normal super- 
natant plus microsomal fractions, in the absence of added glucose 
6-phosphate, was greatly stimulated by increasing amounts of 
citrate, and reached a maximum at about 100 umoles of citrate 
(Table IV). Higher citrate concentrations inhibited, possibly 
as the result of increased ionic strength of the incubation medium 
or the binding of magnesium required for acetate activation. 
With the diabetic supernatant plus microsomal fractions, stimu- 
lation by added citrate was only one-fifth that observed with 
normal preparations. The ratio of normal to diabetic fatty acid 
synthesis changed in favor of the normal with increasing citrate 
concentrations (Table IV). 

No definite stimulation was observed when citrate was added 
to normal or diabetic supernatant fractions alone. 

Although, as shown in Table IV, the optimal citrate concen- 
tration was 100 umoles per 3.6 ml, in most of the experiments 
reported here we used a citrate concentration of 25 wmoles per 
3.6 ml of incubation volume because an effect of glucose 6-phos- 
phate was not detectable at the higher concentration. Also, 
with 25 umoles of citrate in the presence of glucose 6-phosphate, 
the conversion of acetate to fatty acids by both the normal and 
diabetic microsomes plus supernatant fractions was of the same 
magnitude as that observed in the liver slices prepared from the 
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Fic. 4. Fatty acid synthesis from acetate by normal and dia- 
betic microsomal and Dowex 1-treated supernatant fractions with 
varying amounts of pyridine nucleotides. The values are av- 
erages from two experiments with different animals. The further 
experimental details, see Table I. Open symbols represent re- 
sults of experiments in which both nucleotides were added (0.5 
umole of DPN in A and 0.5 umole of TPN in B). Closed symbols 
represent results of experiments in which only one nucleotide 
was added (TPN in A and DPN in B). 
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See Table I for experimental details and presentation of data. 
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TaBLe IV 


Effect of citrate, in absence and presence of glucose 6-phosphate, on conversion of acetate-1-C™* to fatty acids by homogenate 
fractions of normal and diabetic rat livers 
































The ratio of fatty acid synthesis in normal to that in diabetic 
homogenate fractions was the same at the 75- and at the 25- 
pmole levels of citrate in the presence of glucose 6-phosphate. 

Isocitrate showed the same effect as citrate on fatty acid syn- 
thesis—a result indicating that the aconitase activity is not 
limiting in these preparations. We used citrate for most of our 
experiments because it is more stable than isocitrate and because 
we used tertiary carboxyl-C-citrate to measure the turnover of 
isocitric dehydrogenase (18, 19). 

Effect of Glucose 6-phosphate—Addition of citrate and glucose 
6-phosphate to the medium resulted in a definite increase in 
fatty acid synthesis as compared with experiments in which 
citrate alone was used (Table IV). However, this effect of glu- 
cose 6-phosphate on lipogenesis disappears at citrate concentra- 
tions above 75 umoles. This finding suggests that TPNH, which 
is produced from both of these compounds, can stimulate lipo- 
genesis in the presence of citrate, no matter whether this TPNH 
was produced from citrate or from other compounds (Tables IV 
and VI). 


TABLE V 


Fatty acid synthesis in normal and diabetic rat liver homogenate 
fractions with varying concentrations of added glucose 
6-phosphate in absence of citrate 


For experimental details and presentation of data, see Table I. 





























: Fatty acid synthesis per mg supernatant protein 
By 
No.| “83 Normal Diabetic 
Tats ze 
3% | supernatant | Supematant + | Supernatant | Supernatant + 
—| 
pmoles 
4 0 | 0.64 + 0.16) 1.35 + 0.20) 0.60 + 0.13) 0.84 + 0.17 
2}; 2 1.18 + 0.15 0.69 + 0.07 
2; 8 1.48 + 0.20 0.59 + 0.18 
4/15 1.53 + 0.13 0.76 + 0.13 
5 | 30 | 0.57 + 0.06) 1.56 + 0.19) 0.55 + 0.09) 0.65 + 0.09 
5 | 40 1.37 + 0.27} 0.42 + 0.08) 0.48 + 0.05 
2 | 60 | 0.67 + 0.25) 1.32 + 0.25) 0.40 + 0.07) 0.88 + 0.44 











XUM 


Fatty acid synthesis per mg supernatant protein 
Added unlabeled substrate 
No. of rats Normal Diabetic 

Citrate Glucose-6-PO. Supernatant | Supernatant + microsomes Supernatant Supernatant + microsomes 

pmoles pmoles | 
4 0 0 0.64 + 0.16 1.35 + 0.20 0.60 + 0.13 0.84 + 0.17 
6 25 0 0.58 + 0.17 5.56 + 0.66 0.70 + 0.17 0.81 + 0.13 
4 50 0 11.89 + 0.83 1.01 + 0.15 
3 75 0 0.93 + 0.53 16.70 + 0.52 } 0.78 + 0.11 1.66 + 0.28 
3 100 0 18.95 + 0.82 2.43 + 0.33 
7 25 40 0.91 + 0.23 7.87 + 0.80 0.70 + 0.05 1.15 + 0.23 
5 50 40 2.20 + 0.21 | 14.70 + 0.70 0.71 + 0.11 1.60 + 0.33 
3 75 40 17.45 + 1.70 2.24 + 0.32 
3 100 40 | 17.85 + 1.68 2.42 + 0.30 

same animals, when calculated on a gram wet-weight basis (18). TaBLe VI 


Effect of tricarbozylic acid cycle intermediates on acetate 
incorporation into fatty acids by normal and diabetic 
supernatant plus microsomal fractions 


For experimental details and presentation of data, see Table I. 















































si Addition _ | Gh: aoe oS ena 
of - 6- 
rats rh phos- : : 
Compound adeeaait phate Normal Diabetic 
es pmoles \wmoles 
3 | None | 50 O {11.70 + 0.92/1.75 + 0.20 
3 | None 50 | 40 14.58 + 0.85)1.72 + 0.30 
3 | None 0 | 60 | 1.32 + 0.25)0.68 + 0.08 
3 | Malate | 25 | 50 O (14.85 + 1.6 |1.40 + 0.20 
3 | Malate | 25 0 | 60 | 0.98 + 0.11/0.80 + 0.07 
1 | Fumarate 25 0 | 60 1.17 
3 | a-Ketoglutarate| 50 | 50 | 40 | 9.92 + 0.86/1.76 + 0.12 
2 | a-Ketoglutarate| 50 1.31 + 0.04/0.58 + 0.09 
2 | a-Ketoglutarate| 50 1.25 + — + 0.02 
+ KHCO; 50 
3 | a-Ketoglutarate| 50 40 | 1.30 + 0.32/0.50 + 0.09 
+ KHCO, | 50 
3 | a-Ketoglutarate| 50 1.32 + 0.140.56 + 0 06 
3 a-Ketoglutarate | 50 | 50 9.11 + 0.58/1.66 + 0.18 

















In these experiments, fructose 6-phosphate could replace glu- 
cose 6-phosphate without detectable change in the radioactivity 
of the synthesized lipids. Apparently the activity of hexose- 
monophosphate isomerase is high enough in these preparations 
to achieve an equilibrium between the two hexosemonophos- 
phates. 

In the absence of citrate, neither glucose 6-phosphate nor 
fructose 6-phosphate stimulated fatty acid synthesis in our prep- 
arations. Over a wide range of glucose 6-phosphate concentra- 
tions (Table V), fatty acid synthesis did not exceed the standard 
deviation of the values found without glucose 6-phosphate. 

Effect of Organic Acids—a-Ketoglutarate, fumarate, and mal- 
ate cannot substitute for citrate in this system (Table VI). They 
did not stimulate lipogenesis above that observed without addi- 
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TaBLe VII 


Effect of malonate on fatty acid synthesis and CO2 production from acetate-1-C'* by normal and diabetic rat liver supernatant 
plus microsomal fractions 


See Table I for experimental details and presentation of data. 
with different animals. 


The values recorded below are the averages from two experiments 





























Normal | Diabetic 
Malonate Citrate 7s 
C-fatty acids CHO: | C4. fatty acids CHO: 
umoles pmoles pumoles 
0 75 40 13.55 + 1.12 6.60 + 0.51 1.90 + 0.40 6.69 + 0.16 
20 75 40 17.51 + 0.24 6.39+0.54 | 2.55 + 0.58 7.77 + 0.88 
40 75 40 20.74 + 0.30 6.53 + 0.17 3.51 + 0.25 7.78 + 0.87 
80 75 40 20.22 + 0.57 5.86 + 0.36 3.68 + 0.14 6.78 + 1.36 
40, 75 0 18.14 + 0.76 8.01 + 1.00 3.13 + 0.06 9.73 + 1.02 
40 0 40 2.96 + 0.39 12.53 + 2.58 0.40 + 0.13 11.91 + 1.74 
40 0 0 4.59 + 0.23 15.81 + 2.17 | 0.46 + 0.07 14.06 + 1.21 
0 0 0 0.96 + 0.18 16.55 + 0.92 | 0.38 + 0.04 11.73 + 0.03 
TABLE VIII 


Formation of acetyl-CoA from compounds other than acetate-1-C' 


For experimental details and presentation of data, see Table I. 


different rats. 


The data in this table are averages from four experiments with 






































Substrates Normal Diabetic 
Labeled Unlabeled 
C\-fatty acids C402 C\-fatty acids C402 
Compound Amount Activity Compound Amount 

pmoles c.p.m. x 108 pmoles Bay aT 
Acetate-2-C™ 6.2 5 none 5.84 + 0.16 | 0.21 + 0.05 1.06 + 0.12 0.23 + 0.06 
Acetate-1-C" 6.2 5 none 5.88 + 0.15 | 10.6+ 1.1 1.09 + 0.17 11.0 + 1.2 
6.2 5 pyruvate 10 5.30 + 0.37 | 9.64 1.3 0.88 + 0.22 | 9.05 + 1.1 
Pyruvate-2-C" 10 5 acetate 6.2 0.41 +0.04 | 0.75 + 0.03 0.13 + 0.03 1.25 + 0.05 
10 5 none 2.15+0.30 | 4.18 + 0.44 0.59 + 0.20 6.75 + 0.35 
Malonate-1-C% | 25 0.7 acetate 6.2 0.234 0.06 | 0.42 + 0.01 0.25 + 0.03 0.69 + 0.08 
1 0.6 acetate 6.2 0.20 + 0.01 0.55 + 0.03 
1 0.6 none 0.22 + 0.04 | 0.39 + 0.03 0.17 + 0.02 0.78 + 0.05 





tion of citrate. Malate, however, can substitute for glucose 
6-phosphate in the presence of citrate. 

Malonate definitely stimulated lipogenesis from acetate in both 
normal and diabetic preparations (Table VII). This stimula- 
tion was demonstrated regardless of the presence of citrate and 
hexosemonophosphate, although malonate is apparently not 
metabolized at a considerable rate as shown by the low produc- 
tion of CO, and C"-fatty acids from malonate-1-C™“ (Table 
VIID. 

Addition of pyruvate to the system resulted in a decrease of 
radioactivity in fatty acids (Table VIII). This is consistent 
with the finding that a small amount of the radioactivity of 
pyruvate-2-C™ is incorporated into fatty acids in the presence of 
acetate. When acetate was omitted, the incorporation of pyru- 
vate-2-C™ into fatty acids showed a sharp increase, and reached 
the order of that observed with acetate-1-C“. The CO, pro- 
duction from pyruvate-2-C“ showed the same increase in the 
absence of acetate. Apparently the presence of acetate in the 
incubation medium inhibited the formation of acetyl-CoA from 
pyruvate. 

The ratio C“O, to C"-fatty acids was the same in the experi- 
ments with acetate-1-C“ and pyruvate-2-C™, indicating that 


both compounds are introduced into the fatty acid cycle over 
the same intermediate. 

Fatty acid synthesis from acetate-1-C“ and acetate-2-C™ was 
essentially the same, a result consistent with the view that ace- 
tate is converted to fatty acids as an intact C-2 unit (Table VIID. 

The addition of lactate did not result in a definite decrease in 
incorporation of acetate-1-C™ into fatty acids. This is not sur- 
prising, in view of the fact that lactate-1-C™ is not converted to 
CO, and that added lactate-1-C™“ was recovered almost quanti- 
tatively after its incubation (18). 

Effect of Hexosediphosphate—In the presence of either glucose 
6-phosphate or fructose 6-phosphate, in addition to citrate, 
hexosediphosphate caused a pronounced inhibition of fatty acid 
synthesis from acetate in the experiments with normal homog- 
enate fractions (Table [X). Under these same conditions, fatty 
acid synthesis by diabetic homogenate fractions was only slightly 
affected. Hexosediphosphate cannot substitute for citrate. 


DISCUSSION 


Since the original finding of Stetten and Boxer (20), defective 
lipogenesis in diabetic animals has been studied by various in- 
vestigators (1-4, 21). A number of factors have been implicated 
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as possible causes for this defect. The present discussion is 
limited to cofactor requirements for fatty acid synthesis in rat 
liver. 

Brady et al. (6) suggested increased concentrations of CoASH 
as a cause of defective lipogenesis, and Wieland (22) found CoA 
levels increased in the diabetic rat liver. In our homogenates, 
however, the CoASH requirements for fatty acid synthesis in 
normal and diabetic preparations were identical. The fact that 
diabetic livers produce more acetoacetate than do normal livers 
implies that the increased CoA level in the diabetic liver may be 
due to increased acetyl-CoA rather than to an increase in the 
free CoASH, because of the equilibrium of the B-keto thiolase 
reaction (CoASH + acetoacetyl-CoA = 2 acetyl-CoA) (23). 

Decreased ATP generation has been suggested by a number of 
investigators (for review, see (5)) as a possible cause of defective 
hepatic lipogenesis in diabetes. In the fatty acid cycle presented 
by Lynen (24), ATP is not required. In mammalian systems 
this cofactor is essential only for the activation of acetate, and 
it is well known that fatty acid synthesis from pyruvate, which 
does not need ATP for acetyl-CoA formation, is also impaired 
in the diabetic liver (25). However, in the highly purified pigeon 
liver system described by Wakil (26), ATP is a necessary co- 
factor for formation of a malonic acid derivative, possibly malo- 
nyl-CoA, from acetyl-CoA. The intermediate formation of 
malonyl-CoA in the synthesis of fatty acids has thus far not been 
demonstrated in mammalian systems (see addendum). 

ATP requirement for fatty acid synthesis in both our normal 
and diabetic rat liver homogenate preparations was the same, 
but the ratio of fatty acid synthesis by normal to that by diabetic 
preparations remained unchanged at all ATP concentrations. 
Thus, we may conclude that ATP is not the limiting factor in 
fatty acid synthesis in diabetic rat liver homogenate, although 
its rate of generation might be of importance in the intact cell. 

The omission of magnesium resulted in an almost complete 
loss of fatty acid-synthesizing ability in our homogenate fractions, 
whereas the CO, production from acetate-1-C" was only slightly 
impaired. This suggests that magnesium is necessary not only 
for the activation of acetate, but also for a reaction that is in- 
volved in the conversion of acetyl-CoA to fatty acids. A re- 
quirement for Mn++ in the conversion of acetyl-CoA to fatty 
acids has been observed by Wakil in his purified pigeon liver 
system (26). 

The TPNH requirement for fatty acid synthesis in liver ho- 
mogenates was originally demonstrated by Langdon (27), who 
also showed that this reduced pyridine nucleotide functions as 
the hydrogen donor in the conversion of crotonyl-CoA to butyryl- 
CoA (9). Subsequently, Seubert et al. (28) purified the enzyme 
that catalyzes this reaction, from various mammalian sources, 
and demonstrated that a,f-unsaturated acyl-CoA derivatives 
of different chain lengths can act as substrates. Various inves- 
tigators (7-10) have proposed that decreased TPNH generation 
via the hexosemonophosphate oxidative pathway might play a 
role in the defective lipogenesis in the liver of the diabetic rat. 
The experiments of Siperstein and Fagan (4) have been inter- 
preted (29, 30) as support for this suggestion. Since TPNH 
production from glucose 6-phosphate and isocitrate oxidation is 
about the same in both normal and diabetic rat liver homogenates 


| (19), TPNH generation cannot be the limiting factor in lipo- 


genesis by diabetic rat liver homogenates. The present study 
shows, in addition, that the requirement for this nucleotide by 
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TaBLE IX 
Effect of fructose 1,6-diphosphate on fatty acid synthesis from 
acetate by supernatant plus microsomal fractions prepared from 
normal and diabetic rat liver 


For experimental details and presentation of data, see Table I. 























miei " Fatty acid beg i +: la tl 
No. of |a:ihosphatel archos, | Citrate witiniieiaiers tabi 
rats /“Paded  |phate added] *éded 
Normal Diabetic 
pmoles pumoles pumoles 
2 0 40* 75 13.55 + 1.12 | 1.90 + 0.40 
2 40 40* 75 9.45 + 0.45 | 2.26 + 0.38 
2 40 0 75 10.75 + 0.12 | 2.27 + 0.37 
2 40 40* 0 1.43 + 0.27 | 0.35 + 0.04 
2 0 0 0 0.96 + 0.18 | 0.38 + 0.04 
2 40 0 0 1.64 + 0.25 | 0.31 + 0.05 
5 0 40T 75 13.08 + 1.12 | 2.26 + 0.46 
5 40 40t 75 3.92 + 0.54 | 1.12 + 0.17 








* Fructose 6-phosphate. 
Tt Glucose 6-phosphate. 


both normal and diabetic rat liver homogenate fractions is the 
same over the concentration range studied, and that the ratio of 
fatty acid synthesis in the normal liver to that in the diabetic 
liver under these conditions is constant and of the order of that 
observed with slices. In this connection, it should be recalled 
that Glock and McLean (31) found the ratio of TPNH to TPN 
(and their levels) the same in both normal and diabetic rat livers. 

Deficient DPNH production by the diabetic liver was proposed 
by Helmreich et al. (32) as an explanation for the low lipogenesis 
in the diabetic liver. Indeed, Greenbaum and Graymore (33) 
found the DPNH-to-DPN ratio to be lower in the diabetic than 
in the normal liver, whereas Glock and McLean found it to be 
either increased (31) or unimpaired (34). In this study, how- 
ever, the addition of DPN to both normal and diabetic liver 
homogenate fractions caused definite stimulations. Further 
studies on the DPNH requirements for fatty acid synthesis in 
these systems are presently under investigation in this labora- 
tory. 

Stimulation of fatty acid synthesis by citrate was observed in 
pigeon liver homogenates by Brady and Gurin (35) and in rat 
liver homogenates by Dituri et al. (36), and has been confirmed 
by other investigators (4, 6, 9, 37). This citrate effect is appar- . 
ently not due only to generation of TPNH via the isocitric de- 
hydrogenase reaction because glucose 6-phosphate oxidation via 
the hexosemonophosphate oxidative pathway, which produces 
TPNH at the same rate (19), does not stimulate lipogenesis in 
the absence of citrate. Porter et al. (37) have also shown that 
isocitrate cannot be replaced either by TPNH or by a TPNH- 
generating system such as the glucose 6-phosphate oxidizing 
system, whereas a-ketoglutarate + HCO;*, in addition to the 
TPNH-generating system, can replace isocitrate in purified 
pigeon liver homogenates. This effect was considered to be an 
indication of isocitrate formation under these conditions. 

In our rat liver homogenates, however, such a stimulation by 
a-ketoglutarate plus bicarbonate in the presence of a TPNH- 
generating system (glucose 6-phosphate) could not be demon- 
strated. Under our conditions, where HCO;* was added to the 
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incubation medium, citrate was still required for optimal syn- 
thesis. This can be obtained with citrate in the absence of 
glucose 6-phosphate, but in the presence of glucose 6-phosphate 
a high degree of lipogenesis can be achieved at lower citrate 
concentrations. It would appear that citrate has two effects on 
lipogenesis, one being the production of reduced pyridine nucleo- 
tides which can be partially replaced by glucose 6-phosphate; 
the other, perhaps, a specific effect on CO» fixation into malonyl- 
CoA. This latter reaction, however, has not been demonstrated 
in mammalian tissues (see addendum). 

Malate could not replace citrate under our experimental con- 
ditions. On the other hand, at low citrate concentrations, malate 
stimulated lipogenesis to the same extent as did glucose 6-phos- 
phate. The additional stimulation observed with malate or 
glucose 6-phosphate in the presence of citrate can result from 
formation of DPNH or TPNH from these two compounds. 

In the pigeon liver system of Wakil et al. (38), the optimal 
buffer pH for fatty acid synthesis from acetate was 6.5 in phos- 
phate buffer. The optimal incubation pH observed in our ex- 
periments with rat liver homogenates was 7.5 with glycylglycine 
buffer. 

Popjak and Tietz (39) were the first to demonstrate the stimu- 
latory effect of malonate on the conversion of acetate to fatty 
acids by a soluble enzyme system prepared from the mammary 
glands of lactating rats. They (39) have also shown that malo- 
nate does not affect the formation of acetyl-CoA from acetate. 
The results presented here, showing that the conversion of ace- 
tate-1-C™ to CO, is unaffected by addition of malonate, but 
that C-fatty acid formation is greatly increased, confirm the 
observation of Tietz and Popjak (40) that malonate does not 
affect the conversion of acetate to acetyl-CoA, and thus ap- 
parently only stimulates fatty acid synthesis from acetyl-CoA. 
This stimulation of fatty acid synthesis by malonate occurred in 
our normal and diabetic preparations, and was independent of 
the presence of citrate or glucose 6-phosphate. The concentra- 
tions of malonate used in this study had no detectable effect on 
the oxidation of citrate or glucose 6-phosphate. 

Fructose 1 ,6-diphosphate did not stimulate lipogenesis in our 
homogenate fractions. In normal rat liver preparations, hexose- 
diphosphate definitely inhibited lipogenesis in the presence of 
citrate and hexosemonophosphate.® 

The addition of pyruvate to the incubation medium resulted 
in a decreased incorporation of acetate-1-C™ into C™-fatty acids 
and C“O,. This decrease was about the same as the incorpora- 
tion of pyruvate-2-C™ into these compounds in the presence of 
acetate. In the absence of acetate, the formation of C"-fatty 
acids and CO, from pyruvate-2-C™“ was of the same order as 
that observed with acetate-1-C“. Thus, the presence of acetate 
inhibited the conversion of pyruvate to acetyl-CoA to a greater 
extent than pyruvate inhibited acetate conversion to acetyl-CoA 
in both normal and diabetic homogenate preparations. 


SUMMARY 


1. Homogenates prepared from normal and alloxan-diabetic 
rat livers were separated into a particle-free supernatant and a 


® When hexosediphosphate is added to the rat liver supernatant 
fraction, a rapid oxidation of DPNH occurs which may be due to 
the formation of a-glycerolphosphate (unpublished observations). 
This oxidation of DPNH in the presence of hexosediphosphate 
could explain its inhibitory effect on fatty acid synthesis observed 
in these rat liver homogenate fractions. 
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microsomal fraction. The capacity of these fractions, alone or 
in combination, to synthesize long-chain fatty acids from acetate- 
1-C™ was investigated. 

2. Optimal fatty acid synthesis was observed at pH 7.5 in 
glycylglycine buffer, in both normal and diabetic rat liver sys- 
tems (supernatant plus microsomal fractions). 

3. Both normal and diabetic composite systems (supernatant 
plus microsomes) showed the same requirements for ATP, Mg*+, 
CoA, DPN, and TPN. 

4. Addition of citrate to the incubation medium caused a sig- 
nificant increase in the fatty acid synthesis by both normal and 
diabetic liver preparations. By adding hexosemonophosphate 
or malate to the incubation medium, optimal fatty acid synthesis 
was achieved at lower citrate concentrations although hexose- 
monophosphate and malate did not stimulate lipogenesis in the 
absence of citrate. 

5. Under all conditions investigated, fatty acid synthesis by 
the diabetic system was one-third to one-fifth that observed with 
the normal systems. It is concluded that defective lipogenesis 
observed in the diabetic liver homogenate is not due to deficiency 
of a known cofactor. 

6. The affinity of the acetate-activating enzyme for CoASH 
is apparently higher than that of the pyruvic oxidase system in 
both normal and diabetic rat liver homogenate systems. 


Acknowledgments—The authors wish to express their apprecia 
tion to Mrs. Hope McGrath and Mr. Weston Kane for technical 
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Addendum—W akil et al. (41) have shown that avidin, a pro- 
tein obtained from egg white, will inhibit fatty acid synthesis 
from acetate by a partially purified particle-free, supernatant 
fraction obtained from pigeon liver. Furthermore, these workers 
have demonstrated that the addition of biotin will completely 
relieve this inhibition. We have confirmed these observations 
with both the normal and the diabetic rat liver composite sys- 
tems (supernatant plus microsomes). It would therefore ap- 
pear that CO, fixation and malonyl CoA formation participate 
in synthesis of fatty acids from acetate by rat liver. 


REFERENCES 
1. Cuernick, 8. 8., anp Cuarxorr, I. L., J. Biol. Chem., 188, 389 
(1951). 
2. Brapy, R. O., Lukens, F. D., anp Gurin, S., J. Biol. Chem., 
198, 459 (1951). 


3. SHaw, W. N., Dituri, F., anp Gurin, S. J., J. Biol. Chem., 
226, 417 (1957). 

4. Sirerstern, M. D., anv Faaan, V., J. Clin. Invest., 87, 1196 
(1958). 

. Stavie, W. C., Diabetes, 5, 263 (1956). 

. Brapy, R. O., Mamoon, A. M., anp StaptmaN, E. R., J. Biol. 

Chem., 222, 795 (1956). 
7. Horecxer, B. L., anp Hiatt, H. H., New Engl. J. Med., 258, 
177 and 225 (1958). 

8. Marks, P. A., Diabetes, 5, 276 (1956). 

9. Lanapon, R. G., J. Biol. Chem., 226, 615 (1957). 

10. StapiE, W. C., Diabetes, 7, 173 (1958). 

11. Barucn, H., anv Cuarxorr, I. L., Proc. Soc. Exptl. Biol. Med., 
86, 97 (1954). 

12. ENTENMAN, C., Lerner, 8S. R., Cuarxorr, I. L., anp DAUBEN, 
W. G., Proc. Soc. Exptl. Biol. Med., 70, 364 (1949). 

13. Horra, S., anp Cuarxorr, I. L., J. Biol. Chem., 189, 895 

(1952). 
14. Gornatt, A. G., Barpawitu, C. J., aNp Davi, M. M., J. 
Biol. Chem., 177, 751 (1949). 








ecia 
nical 


pro- 
hesis 
atant 
rkers 
etely 
tions 
} Sys- 
> ap- 
ipate 


3, 389 
hem., 
hem., 
, 1196 


Biol. 


Med., 
UBEN, 
9, 895 
M., J. 


15. 


16. 
17. 
18. 
19. 
20. 


gy R BR OS 





XUM 


September 1960 


Cavin, M., HEIDELBERGER, C., Rem, J. C., TotBert, B. M., 
AND YANKwicH, P. F., Isotopic carbon, John Wiley & Sons, 
New York, 1949. 

Bucuer, N. L. R., anp McGarranan, K., J. Biol. Chem., 222, 
1 (1956). 

Matrtues, K. J., ABRAHAM, S., AND Cuarxorr, I. L., Biochim. 
et Biophys. Acta, 37, 180 (1960). 

MatruEs, K. J., ABRAHAM, S., AND Cuatkorr, I. L., J. Biol. 
Chem., 285, 2560 (1960). 

ABRAHAM, S., Matrues, K. J., anp Cuarxorr, I. L., Biochim. 
et Biophys. Acta, 36, 556 (1959). 

Sretren, D., anp Boxer, G. E., J. Biol. Chem., 156, 271 
(1944). 


. Cuarxorr, I. L., The Harvey lectures, Academic Press, Inc., 


New York, Series XLVII, 1951-52, 1953, p. 99. 
Wievanp, O. (Regensburg), Jahrbresturse drztl. Fortbild. 1 
(1956-57). 


. Stern, J. R., Coon, M. J., anp pEL CampiLyo, A., J. Am. 


Chem. Soc., 75, 1517 (1953). 


. Lynen, F., The Harvey lectures, Academic Press, Inc., New 


York, Series XLVIII, 1952-53, p. 210. 
Fe.ts, J. M., Cuarxorr, I. L., anp Ossorn, M. J., J. Biol. 
Chem., 191, 683 (1951). 


S. Abraham, K. J. Matthes, and I. L. Chaikoff 


S2SR RNB 


eee 


2559 


. WakIL, 8. J., J. Am. Chem. Soc., 80, 6465 (1958). 
. Lanepon, R. G., J. Am. Chem. Soc., TT, 5190 (1955). 
. SeuBert, W., Greuiu, G., anp Lyngn, F., Angew. Chem., 


65, 359 (1957). 


. SrpersTe1n, M. D., Diabetes, 7, 181 (1958). 
. Superstern, M. D,, Am. J. Med., 26, 685 (1959). 
. Giocg, G. E., anp McLzan, P., Biochem. J., 61, 397 (1955). 


Hetmreico, E., Houzer, H., Lamprecut, W., anp GoLp- 
SCHMIDT, S., Z. physiol. Chem., 297, 113 (1954). 

GREENBAUM, A. L., anp GrayMorE, C. N., Biochem. J., 68, 
163 (1956). 


. Giock, G. E., anp McLean, P., Biochem. J., 61, 388 (1955). 


Brapy, R. O., anp Guru, S., J. Biol. Chem., 195, 421 (1952). 


. Drrurt, F., Saaw, W. N., Warns, G., anp Gurin, 8. J., J. 


Biol. Chem., 226, 407 (1957). 


. Porter, J. W., Waki, S. J., Tretz, A., Jacos, M. I., anp 


Grsson, D. M., Biochim. et Biophys. Acta, 25, 35 (1957). 
Wax, S. J., Porter, J. W., anp Grsson, D. M., Biochim. et 
Biophys. Acta, 24, 453 (1957). 


. Popsak, G., anD Tietz, A., Biochem. J., 60, 143 (1955). 
. Trerz, A., aND Popsak, G., Biochem. J., 60, 155 (1955). 
. Waki, 8. J, TrtcHener, E. B., anp Grsson, D. M., Biochim. 


et Biophys. Acta, 29, 225 (1958). 








Tue JourNAL or Bio.togicaL CHEMISTRY 
Vol. 235, No. 9, September 1960 
Printed in U.S.A. 


Fatty Acid Synthesis from Acetate by Normal and 


Diabetic Rat Liver Homogenate Fractions 


II. EFFECT OF MICROSOMES AND OXIDATION OF SUBSTRATES* 


K. J. Marrues,t S. ABRAHAM, AND I. L. CHAIKOFF 


From the Department of Physiology, University of California, Berkeley, California 


(Received for publication, November 6, 1959) 


In Paper 1 of this series (1) we found no difference in cofactor 
requirements for fatty acid synthesis by normal rat liver ho- 
mogenate fractions and diabetic ones, even though lipogenesis 
in the latter was significantly depressed. We, therefore, searched 
for changes in the activities of enzymes that might account for 
depressed lipogenesis in the diabetic liver (2-4). 

The enzymatic reactions involved in lipogenesis from acetate 
are acetate activation, TPNH and DPNH generation, and re- 
actions of the fatty acid-synthesis cycle. Defective TPNH 
generation (5-8) and DPNH generation (9, 10) have been pro- 
posed as possible causes for defective lipogenesis in the liver of 
the diabetic animal. It has been reported that TPNH-linked 
reduction of a,8-unsaturated CoA derivatives is depressed in 
the diabetic liver homogenate (11). 

Preliminary reports on some of the findings presented here have 
appeared (11, 12). 


EXPERIMENTAL PROCEDURE 


Methods 


Homogenate Experiments—The treatment of the rats, prepara- 
tion of homogenate fractions, incubation procedure, and other 
experimental details are given in the preceding paper (1). 

Slice Experiments—Slices 0.4 mm thick were prepared with 
the McIlwain-Buddle tissue chopper from the same livers that 
were used in the homogenate experiments. Portions of these 
slices, weighing 500 mg, were immediately incubated for 2 hours 
at 30° in a medium that contained 6.2 uwmoles of acetate-1-C™ 
and 25 umoles of glucose in a total volume of 3.6 ml of Krebs- 
Henseleit bicarbonate buffer at pH 7.4 (13). The gas phase was 
95% O2 and 5% CO:z. Fatty acids and CO, were isolated as 
described elsewhere (14). 

Substrates—Lactate-1-C™“, succinate-1-C“, malate-3-C™, and 
malate-4-C™“ were gifts from Dr. R. Lemmon of the Donner 
Laboratory. Fumarate-2-C“ was purchased from Research 
Specialties Company, and glucose-1-C“ and glucose-2-C™ from 
the National Bureau of Standards. Glucose-6-C™ was prepared 
by a modification (15) of the procedure reported by Sowden 
(16). Citrate labeled with C" in the tertiary carboxyl position 
was synthesized' by the reaction of C-labeled cyanide with 


* Aided by a grant from the United States Public Health Serv- 
ice. 

t Postdoctoral Fellow of the Deutsche Forschungsgemein- 
schaft. 

1 E. E. Ryder, Jr., personal communication. 


diethyl-8-ketoglutarate. The variously C-labeled glucose 6- 
phosphates were prepared by the hexokinase reaction (17) and 
purified as described by Umbreit et al. (18). For other sub- 
strates and cofactors, see the preceding paper (1). 

Analytical Procedures—Organic acids were recovered from 
incubation mixtures by continuous ether extraction at pH 2 for 
24 hours. The acids in the ether phase were neutralized, and 
the solvent was evaporated. Aliquots of the remaining organic 
acids, which were dissolved in water, were assayed for radio- 
activity on aluminum planchets in the Nuclear-Chicago Micromil 
window counter. The rest of this organic acid fraction, after 
acidification, was chromatographed on Whatman No. 1 paper 
with n-butanol-acetic acid-water (200:44:100) and with water- 
saturated phenol. 

After the ether extractions, the aqueous phases of the incuba- 
tion mixtures to which labeled glucose 6-phosphate had been 
added were adjusted to pH 8.2 and treated with BaCl: at 0°. 
The mixture was centrifuged, and the barium-insoluble pre- 
cipitates were washed twice with water. The sugar phosphates 
were isolated from the combined supernatant fractions by alcohol 
precipitation after the method of Umbreit et al. (18). The 
barium-insoluble, the barium-alcohol-insoluble and the barium- 
alcohol-soluble fractions were dissolved in HCl, and aliquots 
were assayed for C by persulfate combustion (19). 

The sugar phosphates recovered in the barium-alcohol-in- 
soluble fractions were freed of barium with Dowex 50 (potassium 
form) and treated with a sugar phosphatase (20). The resulting 
free sugars were chromatographed in butanol-acetic acid-water 
(200:44:100) on Whatman No. 1 paper, and the localization of 
radioactivity on the paper was determined with the Nuclear- 
Chicago Actigraph. 

The isolation of CO, and long-chain C"-fatty acids is de- 
scribed in Paper 1 of this series. Protein was determined by 
the biuret method (21). 


RESULTS AND DISCUSSION 


Fatty acid synthesis is the result of a complex series of en- 
zymatic reactions involving generation of cofactors that in- 
fluence these reaction rates. For this reason we were concerned 
not so much with the activity of individual enzymes in isolated 
reactions but rather with a series of interrelated enzymatic re- 
actions that result in fatty acid synthesis. The ideal system for 
a study of fatty acid synthesis is a preparation in which fatty 
acid breakdown is not catalyzed. It is well known that mito- 
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chondria contain the enzymes and the electron-transport system 
required for fatty acid oxidation. In our attempt to provide a 
system uncomplicated by fatty acid oxidation, we removed mito- 
chondria from whole homogenates of rat liver. Since micro- 
somes have been reported to inhibit lipogenesis in liver homog- 
enates (7, 22), these particles were also removed, and in our 
initial experiments we used the particle-free supernatant frac- 
tion. 

In experiments involving a long chain of connected enzymatic 
reactions, such as the synthesis of fatty acid from acetate, a 
defect in an enzyme reaction, unless the reaction fails com- 
pletely, can be detected in homogenates only when the turnover 
in the investigated reaction chain is comparable with that in 
the intact cell. This condition was not fulfilled with the particle- 
free supernatant fraction. Fatty acid synthesis from acetate by 
the particle-free supernatant obtained from 1 g of normal rat 
liver was about one-eighth that observed with 1 g of liver slices 
prepared from the same liver (Table I). However, by addition 
of microsomes to the particle-free supernatant fraction, we achieved 
a rate of fatty acid synthesis from acetate equal to or higher than that 
observed with liver slices prepared from the same rat (Table I). It 
should be noted here that microsomes alone do not synthesize 
fatty acids from acetate. 

The concentration of citrate used in this study was 25 umoles 
per 3.6 ml. When the concentration of citrate was increased, 
fatty acid synthesis in these homogenate fractions was also 
elevated, reaching a maximal value at 75 umoles of added citrate 
(Table I) (1). 

Stimulation of fatty acid synthesis by microsomes has also been 
observed by Lachance et al. (23). Their system consisted of a 
particle-free supernatant fraction prepared from mammary 
glands of lactating rats, and microsomes prepared from rat liver. 
The possibility of an effect of microsomes on the reducing steps 
in fatty acid synthesis has been mentioned by Hele (24). Ina 
previous report, we demonstrated a correlation between micro- 
somal stimulation of fatty acid synthesis and the activity of the 
TPNH specific a,8-unsaturated acyl-CoA-reducing enzyme in 
the microsomes (11). With diabetic liver microsomes, both the 
stimulating effect on fatty acid synthesis from acetate and the 
activity of this enzyme were significantly reduced to 30% of 
normal. 

A further indication that microsomal stimulation of lipogenesis 
is due to an enzyme is the observation that, whereas treatment 
of these particles with Dowex 1 did not affect the stimulation, 
boiling or acid treatment of the microsomes abolished their 
stimulatory effect on lipogenesis. 

The enzymatic reactions involved in lipogenesis from acetate 
outside of the fatty acid cycle are (a) acetate activation, (0) 
DPNH generation, and (c) TPNH generation. Each is con- 
sidered in the following sections. 

The products of these enzymatic reactions were measured 
under the same conditions as those used in the study of fatty 
acid synthesis by homogenate fractions reported previously (1). 
It should therefore be noted that the results do not reflect ac- 
tivities of individual enzymes; they provide a measure of the 
actual metabolic rate under specific conditions. 


Acetate Activation 


Acetate activation requires ATP, CoASH, and magnesium. 
It has been shown that the requirements for these three cofactors 
in fatty acid synthesis are the same in normal and diabetic rat 
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TABLE I 


Comparison of fatty acid synthesis from acetate-1-C™ by 
liver slices and homogenate fractions 

6.2 umoles potassium acetate, 240 umoles glycylglycine buffer 
pH 7.5, 60 umoles reduced glutathione, 10 umoles KHCOs, 48 
umoles ATP, 0.2 umole CoASH, 1.0 umole TPN, 1.0 umole DPN, 
40 umoles glucose 6-phosphate and 70 umoles MgCl: were incubated 
with 1.6 ml of whole homogenate, or 1.5 ml supernatant fraction 
with and without 0.1 ml of microsomes in a final volume of 3.6 ml 
for 2 hours at 30° in air as the gas phase, unless otherwise stated. 
The amounts of citrate added were varied as recorded below. 

500 mg of liver slices were incubated with 3.6 ml of Krebs-Hen- 
seleit bicarbonate buffer pH 7.4 (13) containing 6.2 umoles of po- 
tassium acetate and 25 umoles of glucose. Incubation conditions 
were the same as those for the homogenates. 

The figures presented below are based on the assumption that 
the volume of the whole homogenate and of the supernatant frac- 
tion is identical with the amount of buffer used for homogeniza- 
tion. Each value is the average of results obtained in nine sepa- 
rate determinations with different rats, and represents mumoles 
of acetate-1-C'* converted to fatty acids per g wet weight of liver 
and standard errors. The acetate-1-C'* incubated contained 
5 X 10° c.p.m. per flask. 




















Fatty acid synthesis per g liver 
Preparation prev 
Normal Diabetic 
pmoles 
NT COL ORE ee 0 | 457.0 + 75.7) 88.0 + 20.7 
Whole homogenate.......... 75 | 335.3 + 21.2) 182.2 + 30.0 
Superhatane.: |... os hess 25 55.6 + 16.0) 47.5 + 3.2 
Supernatant plus  micro- 
GONG cuijnis once. cage 25 | 482.0 + 56.2) 134.0 + 16.8 
Supernatant plus  micro- 
We. a oA. oe ee 75 | 828.0 + 98.2) 170.0 + 15.5 





liver homogenates (1). The production of C“O, from acetate- 
1-C™ by the normal homogenate fractions? was the same as that 
observed with diabetic fractions (Table II) under all conditions 
tested, and changes in CoASH or ATP concentration affected 
CO, production from acetate-1-C™ to the same extent as they 
did fatty acid synthesis (1). This indicates that these two co- 
factors are required only for acetate activation, and that acetate 
activation is apparently unimpaired in these diabetic prepara- 
tions. 

The difference between CO, production by the supernatant 
fraction and that observed when the supernatant and microsomal 
fractions are combined depends on the presence of citrate. If no 
citrate is added to the medium, CO, production from acetate is 
the same with supernatant alone and with supernatant plus 
microsomes; this was true with both normal and diabetic prep- 
arations (Table II). The difference observed in the presence of 
citrate may be due to accelerated citrate oxidation (see Section 2, 
below) in the presence of microsomes, 

The difference between CO. production by the whole ho- 
mogenate and by the combined supernatant and microsomal 
fractions is due to the absence of mitochondria in the latter. 

Changes in the magnesium concentration (1) affect fatty acid 


2 Most of the CO. developed by the homogenate fractions 
from acetate-1-C'* comes from conversion of acetoacetate to ace- 
tone and COs, and for this reason we do not use the expression 
acetate oxidation but rather CO. production (unpublished obser- 
vations). 
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TasBie II 
CO, production from acetate-1-C'4 by liver slices and 
homogenate fractions 
For experimental details, incubation conditions, and presenta- 
tion of data, see Table I. Averages from nine animals are pre- 











sented. 
. CO: production per g liver 
Preparation os 

Normal Diabetic 

pmoles mymoles myumoles 
BEES ores orc poke Sete eter 0 | 6130 + 1000 | 6190 + 500 
Whole homogenate.......... 75 | 1301 + 150 1306 + 170 
Seperate 5 ee 75 | 297 + 60 310 + 63 
Supernatant. ....... 05055005" 0 | 877 + 77 911 + 150 
Supernatant + microsomes..| 75 | 400 + 68 431 + 80 
Supernatant + microsomes..| 0 | 865 + 56 850 + 113 














synthesis from acetate to a much greater extent than C“O, 
production. Thus, the high Mg** levels (™/50) necessary for 
optimal fatty acid synthesis in our homogenate fractions are ap- 
parently required not only for acetate activation but also for 
another reaction involved in fatty acid synthesis.’ In the puri- 
fied pigeon liver system (25), fatty acid synthesis from acetyl- 
CoA also required a divalent ion, manganese. 


DPNH Generation 


The requirement of DPN for fatty acid synthesis by rat liver 
homogenates has been demonstrated (7, 22, 26). Since the ratio 
of DPNH to DPN was found to be lower in the diabetic liver 
(9, 27), a deficiency in DPNH generation was suggested as a 
possible cause for defective lipogenesis in the diabetic liver (9, 
10). In our liver preparations, the addition of DPN stimulated 
fatty acid synthesis from acetate in both normal and diabetic 
homogenate fractions (1). This result can be interpreted as an 
indication either that the DPNH:DPN ratio is not changed or 
that this ratio does not play a significant role in the decreased 
lipogenesis in our diabetic homogenate fractions. 

Although the high rate of oxidation of lactate-1-C“ to C“O, 
is unaffected in diabetic liver slices (28), our normal and diabetic 
homogenate preparations devoid of mitochondria did not con- 
vert lactate-1-C™ to CO, at an appreciable rate (Table VI). 
This lack of lactate oxidation shows that availability of DPN is 
apparently low, since the presence of an active lactic dehydro- 
genase is demonstrated by the fact that these preparations will 
convert glucose 6-phosphate to lactate (see Section 1, below). 

The addition of a-ketoglutarate and of malate did not stimu- 
late lipogenesis above that observed with citrate and glucose 
6-phosphate (1). 

The question of adequate DPNH generation by our homog- 
enate fractions is still open and is presently under investigation. 
However, the above considerations do suggest that the produc- 
tion of DPNH by the diabetic liver is not rate-limiting for fatty 
acid synthesis. 


TPNH Generation 


In a previous communication (12) we presented a method for 
calculating TPNH generation from TPN plus either glucose 
6-phosphate or citrate, in a system in which TPNH utilization 


3 It has been shown by one of us (K. J. M.) that the reduction 
of a,B-unsaturated acyl-CoA derivatives requires Mg** or Mn**. 
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is high. In the present investigation we studied TPNH produc- 
tion from glucose 6-phosphate, citrate, and malate, when these 
were present either in various combinations or as sole substrates, 
The method is based on the fact that TPNH generation from 
these substrates is coupled with a stoichiometric decarboxylation. 
In the case of glucose 6-phosphate oxidation via the hexosemono- 
phosphate oxidative pathway, 2 moles of TPNH are formed 
from TPN per mole of CO: produced from 1-C™-glucose 
6-phosphate. This labeled hexosephosphate will also produce 
CO, via the Embden-Meyerhof pathway which does not in- 
volve production of TPNH. As a consequence of the Embden- 
Meyerhof pathway, the production of CO, from 1-C-glucose 
6-phosphate and 6-C™-glucose 6-phosphate will be the same 
within certain limits. The C“ from 6-C™-glucose 6-phosphate 
will appear in the glyceraldehyde-3-phosphate, and the C™ from 
1-C-glucose 6-phosphate will appear in the dihydroxy-acetone 
phosphate. The degree of equivalence in the C“O: production 
from the two C-labeled hexosephosphates through the Embden- 
Meyerhof pathway depends upon equilibration between these 
two triosephosphates. Since glyceraldehyde phosphate is the 
compound undergoing further oxidation, the CO. production 
via the Embden-Meyerhof pathway from 1-C™-glucose 6-phos- 
phate cannot be higher than that from 6-C™-glucose 6-phosphate. 
Because the total CO, production from 6-C-glucose 6-phos- 
phate was less than 1% of that from 1-C™-glucose 6-phosphate 
in our homogenate preparations (Tables III and IV), we were 
not concerned with possible small differences in the CO, pro- 
duction from these labeled hexosephosphates via the Embden- 
Meyerhof pathway. We, therefore, calculated the CO, pro- 
duction via the hexosemonophosphate oxidative pathway from 
the difference between CO, productions from these two labeled 
hexosephosphates. 

The production of C“O, from 2-C™-glucose 6-phosphate can 
be used as an indication of the recycling of compounds via the 
pentose phosphate pathway. Since, as shown in Table IV, the 
conversion of 2-C'-glucose 6-phosphate to CO, is relatively 
low, we did not correct the calculation of TPNH production via 
the hexosemonophosphate oxidative pathway for this recycling. 


TaBLe III 
Oxidation of C'4-glucose 6-phosphate in absence of citrate 
For experimental details and incubation procedure, see Table 
I. The 1-C'*- and 6-C'*-glucose 6-phosphate incubated contained 
6.4 X 10‘ c.p.m. per flask. Values represent mumoles CO: per 
mg supernatant protein. S = supernatant fraction; M = micro- 
somal fraction. 




















Glucose CO: production per mg supernatant 
6-phosphate protein 
No. of rats oy 
> wnales Normal Diabetic 
2 8S+M 1 3 55 + 20 53 + 5 
2 8+M 1 7 137 + 40 130 + 7 
3 8§+M 1 17 188 + 25 196 + 14 
4 8S+M 1 30 390 + 23 419 + 18 
3 S+M 1 40 410 + 10 451 + 40 
2 S+M 1 60 428 + 35 438 + 20 
3 8 1 30 341 + 13 385 + 23 
2 M 1 60 58 + 18 40 + 10 
3 S8+M 6 30 | 3.15 + 0.25 | 3.50 + 0.50 
3 S+M 6 40 | 3.35 + 0.35 | 3.55 + 0.30 
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However, if such a correction were applied, the values for TPNH 
generation recorded in Table VII would be about 10% higher 
when glucose 6-phosphate was the sole TPNH-generating sub- 
strate (see also Section 2, below). 

In the case of citrate oxidation through the tricarboxylic acid 
cycle, 1 mole of TPNH is produced from TPN per mole of 
CO, released from tertiary carboxyl-C™-citrate. In spectro- 
photometric assays, there was no detectable reduction of DPN 
with citrate or isocitrate, whereas TPN was reduced at a con- 
siderable rate.* 

In the case of malate-4-C™, 1 mole of TPNH is produced from 
TPN per mole of CO, released by the action of the malic en- 
zyme. For a discussion of other reactions releasing CO, from 
compounds derived from malate-4-C" see Section 3, below. 

The data in this section are presented as mumoles of C“O, 
produced from the C-labeled substrate added per mg super- 
natant protein during the 2-hour incubation period. The 
amount of added TPN (1 umole per experiment) does not play 
a considerable role in the calculations, since the total TPNH 
generated per experiment, calculated as described above, ranged 
from 20 to 40 ymoles of TPNH in all experiments with the ex- 
ception of those in which (a) malate-4-C™ served as sole sub- 
strate, and (6b) the substrate concentration was so low that 
complete utilization of the substrate occurred in the 2-hour 
incubation period. The activities of the enzymes involved in 
any of the reactions studied under these conditions was high 
enough to reduce the added TPN completely within the first 5 
minutes of incubation. 


1. Glucose 6-Phosphate Metabolism 


When glucose 6-phosphate was used as the sole TPNH- 
generating substrate, maximal glucose 6-phosphate oxidation 
was reached at about 40 wmoles per 3.6 ml (Table III). At 
concentrations of 3 and 7 wmoles per 3.6 ml, about 80% of the 
added glucose 6-phosphate was oxidized via the glucose 6-phos- 
phate and 6-phosphogluconate dehydrogenase reactions. 

Oxidation of glucose 6-phosphate in diabetic preparations is 
not lower than in normal preparations. Apparently the en- 
zymatic activity of the dehydrogenases that act on glucose 6- 
phosphate and 6-phosphogluconate is not rate-limiting in the 
conversion of glucose 6-phosphate to pentose phosphate and CO, 
because the rate of oxidation observed in our homogenates is 
below the lowest enzymatic activities reported by Glock and 
McLean (29) for the diabetic liver. 

In the presence of citrate, the oxidation of glucose 6-phosphate 
via the hexosemonophosphate oxidative pathway is depressed in 
both normal and diabetic preparations. Fig. 1 shows that addi- 
tion of increasing amounts of citrate results in a progressive de- 
pression of CO, production from 1-C-glucose 6-phosphate. 
This effect of citrate on glucose 6-phosphate oxidation can be 
explained by competition among enzymes for oxidized TPN. 
Under these conditions, where the substrate supply is not limit- 
ing, the relative reaction rates will be influenced by (a) different 
affinities of the enzymes involved (isocitric dehydrogenase, 
glucose 6-phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase) for TPN, and (6) the activities of these enzymes. 
Experiments designed to distinguish between these two possi- 
bilities will be presented elsewhere. 

The metabolism of glucose 6-phosphate labeled with C™ in 


‘S$. Abraham, K. J. Matthes, E. G. Tombropoulos, and I. L. 
Chaikoff, unpublished observations. 
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Fig. 1. Oxidation of 1-C'-glucose 6-phosphate by normal and 
diabetic rat liver supernatant plus microsomal fractions with 
varying amounts of added citrate. 40 wmoles of 1-C'*-glucose 
6-phosphate (6.4 X 10‘ c.p.m.) were incubated. For further ex- 
perimental details, see Table I. Values are averages from three 
different rats. 





different positions is shown in Table IV. Total C™ recoveries 
from 1-C'*-, 2-C., and 6-C™-glucose 6-phosphate ranged from 
50 to 80% of the added C™.5 

Paper chromatographic analysis of each of the barium-alcohol- 
insoluble fractions isolated from normal and diabetic homogenate 
preparations (after hydrolysis with a sugar phosphatase) revealed 
that these fractions contained C™ activity in glucose and fructose 
when 1-C"*-glucose 6-phosphate was the substrate, and in glucose, 
fructose, and ribose when 2-C™- or 6-C-glucose 6-phosphate was 
the substrate. The presence of C'-hexosemonophosphates in all 
of these fractions demonstrates that not all of the added glucose 
6-phosphate was utilized. The appearance of C-pentosephos- 
phates in fractions derived from 2-C™- and 6-C™-glucose 6-phos- 
phate proves the occurrence of an active hexosemonophosphate 
oxidative pathway in both normal and diabetic homogenate 
preparations. 

The presence of only small amounts of radioactivity in the 
deionized barium-alcohol-soluble fractions, after their exhaustive 
extraction with ether, shows that glucose 6-phosphatase activity 
of these homogenate preparations is low. In experiments with 
microsomes alone, the diabetic preparations appeared to have 
more glucose 6-phosphatase activity than did the normal prepara- 
tions (Table IV) as reported by other workers (30-32). A con- 
siderable part of the glucose 6-phosphatase activity is probably 
lost during the interval between death of the rat and incubation 
of the homogenate fractions (33). 

In the experiments in which the normal or diabetic supernatant 
fraction was present, either alone or combined with its microsomal 
fraction, about 20% of the administered activity was recovered 
in the organic acid fraction, whereas normal or diabetic micro- 


5 The greatest loss in C™ activity probably occurs in the or- 
ganic acid fraction due to the volatility of lactic acid and break- 
down of pyruvic acid. 








2564 


Fatty Acid Synthesis from Acetate. II 


Vol. 235, No. 9 


TaBLe IV 
Metabolism of glucose 6-phosphate labeled in different positions with C4 


For experimental details and incubation procedure, see Table I. 


The incubated C" activity ranged from 3.2 to 6.4 X 10‘ ¢.p.m. per 


flask. The isolation of the metabolic products is described in the text. S = supernatant fraction; M = microsomal fraction. 



































| Substrates Per cent of administered C' recovered in: 
ee No. of rats |Homogenate fraction F ~ Ba*+-alcohol Total recovery 
Phosphate | Citrate | Ox | ERS | insoluble? | 
30 wmoles umoles 

Normal 4 S+M 1-C'4 75 5.2 15.0 11.2 17.4 4.3 53.1 
Diabetic 7 S+M 1-C'* 75 5.4 23.5 9.2 12.8 3.8 54.7 
Normal 4 S+M 1-C4 0 25.3 22.0 10.1 15.5 4.0 73.2 
Diabetic 6 S+M 1-C4 0 28.4 16.0 9.9 12.3 6.3 72.9 
Normal 2 S+M 2-C'4 50 0.07 18.2 13.3 15.6 4.3 51.5 
Diabetic 2 S8+M 2-C'4 50 0.11 20.9 10.2 11.3 4.7 47.2 
Normal 1 S+M 2-C4 0 3.6 19.1 25.0 

Diabetic 1 S8+M 2-C4 0 2.8 25.1 

Normal 3 S+M 6-C'4 75 0.04 20.8 12.5 23.8 1.8 59.0 
Diabetic 5 IS+M 6-C™ 75 0.05 26.3 12.8 21.0 0.9 61.0 
Normal 2 S+M 6-C'4 0 0.13 

Diabetic 2 S+M 6-C14 0 0.17 

Normal 1 Ss 1-C'# 75 3.8 28.1 35.0 17.0 3.7 87.6 
Diabetic 1 Ss 1-C4 75 3.8 22.0 22.9 19.8 7.0 75.6 
Normal 2 M 1-C" 75 7.8 3.3 24.4 30.2 5.8 65.2 
Diabetic 2 M 1-C'* 75 1.4 3.3 16.0 25.2 14.4 60.3 

















* Each of these fractions, as revealed by paper chromatography, contained over 90% of the C™ activity as lactate. 
» These fractions, according to Umbreit e¢ al. (19), contain hexose diphosphate, phosphoglyceric acid, and small amounts of other 


phosphorylated sugars. 


¢ These fractions, according to Umbreit e¢ al. (19), contain the monophosphates of glucose, fructose, and pentoses, phosphoenol- 


pyruvate, and triose phosphates. 


4 These fractions contain the free sugars, presumably only C'*-glucose. 


somes alone converted only about 3% of the administered sub- 
strate to organic acids (Table IV). 

Paper chromatography of the organic acid fractions revealed 
that more than 90% of the C™ in these fractions was present as 
lactate. 

The presence or absence of citrate did not affect incorporation 
of C from glucose 6-phosphate into the organic acid fraction. 
Citrate did, however, show a profound effect on C“O, production 
from 1-C™- and 2-C™-glucose 6-phosphate. Conversion of 2-C™- 
glucose 6-phosphate to CO, indicates a small amount of recy- 
cling, via the hexosemonophosphate oxidative pathway, which can 
be almost completely inhibited by the addition of citrate (Table 
IV). 


2. Citrate Oxidation 


In the experiments with both normal and diabetic supernatant 
plus microsomal fractions, oxidation of tertiary carboxyl C"- 
citrate increased with rising concentrations of citrate, and was 
optimal at about 75 wmoles of citrate. Citrate oxidation by 
diabetic fractions was somewhat higher than that by the normal 
fractions. The addition of either glucose 6-phosphate or malate 
resulted in only a slight decrease of C“O, production from C™- 
citrate (Table V). Citrate oxidation in the supernatant frac- 
tions alone was about two-thirds that observed when microsomes 
were added. Microsomes alone utilized less than 10% of the 
amount metabolized by the recombined supernatant and micro- 
somal fractions. 

The production of CO, from acetate-1-C™ by the supernatant 


TABLE V 
Oxidation of tertiary carboxyl-C"4-citrate 


For experimental details and incubation procedure, see Table 
I. The presentation of data is described in Table III. The cit- 
rate added to each flask contained 6.4 X 10‘ c¢.p.m. 
































COs production per mg 
No. of | Homogenate | Ci- Sone L- supernatant protein 
rats fractions | citrate phate malate 
| Normal Diabetic 
pmoles | pmoles | umoles 
5 S8+M 25 0 0 | 654+ 108| 644 + 47 
3 S+M 50 0 0 | 803 + 42 997 + 31 
3 S+M 75 0 0 | 849 + 72 1057 + 28 
3 S8+M 100 0 O | 822 + 64 | 1052 + 81 
6 S+M 25 40 0 | 619 + 45 623 + 63 
3 8S+M 50 40 0 | 731 + 41 962 + 60 
3 S+M 75 40 0 | 797 + 73 973 + 42 
3 | S+M | 100 | 40 0 | 820+ 70 | 960 + 42 
3 s | 50| 40 | 0 | 4209441 | 635 + 48 
3 M | 2%] 0 0 | 55 + 30 60 + 31 
3 S+M | 50| 0 | 2% | 770+ 71 | 971 + 8 





fraction alone in the presence of citrate was also about two-thirds 
that found when microsomes were added. This might be ex- 
plained by the effect of addition of microsomes on citrate oxida- 
tion by the supernatant fractions alone, since a part of the C“O: 
from acetate-1-C™ is produced via the tricarboxylic acid cycle. 
However, the activity of the tricarboxylic acid cycle enzymes, 
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TaBLE VI 
Oxidation of organic acids 
The cofactor additions and the incubation procedure are presented in Table I. The enzyme system was composed of 1.5 ml of super- 
natant and 0.1 ml of microsomes. The data are expressed as described in Table III, and represent averages with standard errors from 
four experiments with different animals. The different C'*-labeled dicarboxylic acids contained 5.8 to 6.4 X 10‘ c¢.p.m. per incubation 





























flask. 

Labeled substrates Unlabeled substrates CO: production per mg supernatant protein 

Others 
Compound Amount Acetate Citrate pe a Normal Diabetic 
Compound Amount 
pmoles pmoles pumoles pmoles umoles 
Malate-4-C'*......... 25* 6.2 75 40 25.1 + 8.1 32.6 
Malate-4-C™......... 25* 6.2 75 0 63.1 + 16.0 73.2 + 19.8 
Malate-4-C™......... 25* 6.2 0 40 81.0 + 10.3 89.7 + 10.7 
Malate-4-C™......... 25* 6.2 0 0 178.0 + 21.2 190.8 + 20.3 
Malate-4-C™......... 25* 6.2 0 0 a-Keto- 40 145.2 + 14.7 180.2 + 13.0 
glutarate 

1-C*-glucose-6-PO, 40 6.2 0 438.0 + 29.2 492.5 + 12.5 
1-C'*-glucose-6-PO, 40 6.2 0 Malate 25* 378.0 + 22.5 411.5 + 40.3 
Malate-3-C™*......... 25* 6.2 75 40 0.27 + 0.05 0.65 + 0.23 
Fumarate-2-C'*...... 25 6.2 0 0 0.33 + 0.1 
Succinate-1-C™...... 25 6.2 75 40 18.1 + 3.5 18.0 + 3.9 
Succinate-1-C'*...... 25 6.2 0 40 25.6 + 7.7 
Succinate-1-C™...... 25 6.2 0 0 51.2 + 1.1 46.3 + 5.5 
Lactate-1-C'*........ 2.3° 6.2 25 30 0.27 + 0.04 0.35 + 0.02 
Lactate-1-C'*........ 2.3* 0 25 30 0.32 + 0.02 0.45 + 0.07 
Lactate-1-C™*........ 2.3* 0 25 0 0.30 + 0.03 0.50 + 0.05 














* These acids were administered as D,L-malate and p,t-lactate; 
administered, because the pform of both acids is not metabolized. 


a-ketoglutaric dehydrogenase and condensing enzyme, is ex- 
tremely low in the homogenate fractions devoid of mitochondria, 
as shown by spectrophotometric assays.‘ This microsomal 
stimulation of citrate oxidation may be due to utilization of 
TPNH by the a,8-unsaturated acyl-CoA-reducing enzyme (11) 
as well as by a specific TPNH cytochrome reductase (34) present 
in these particles. 


3. Malate and Other Dicarboxylic Acids 


Since the stimulation of lipogenesis by malate in the presence 
of citrate was similar to that observed with glucose 6-phosphate 
(1), we studied the oxidation of malate-4-C“. Malate-4-C™ will 
produce CO, during its conversion to pyruvate, either by the 
malic enzyme reaction or via oxalacetate decarboxylation.* In 
the former, TPNH is produced, in the latter DPNH. Malate- 
4-C™ might also produce C“O, when it is converted to citrate and 
a-ketoglutarate, either in the oxidative decarboxylation of the 
latter or after a change in the label position through the action 
of fumarase. This enzyme might produce an equilibrium be- 
tween malate and fumarate, resulting in a production of some 
malate-1-C™ which, after condensation with acetyl-CoA, will form 
tertiary carboxyl-C™-citrate. However, C“O: production from 
malate-4-C™ through citrate apparently is not important since, 
as shown in Table VI, the C“O2 production from malate-4-C™ 
was inhibited in the same manner by addition of either glucose 
6-phosphate or citrate. This indicates that dilution by citrate 
does not affect malate-4-C™ oxidation to a significant extent. 


6 The latter reaction probably does not occur to a significant 
extent at pH 7.5, since it has a sharp pH optimum at 5.5 (35). 


the values given here are the amounts of L-malate and t-lactate 


CO, production from malate-4-C“ was considerably lower 
than that from either 1-C'-glucose 6-phosphate or tertiary 
carboxyl-C™-citrate in both the normal and diabetic super- 
natant plus microsomal fractions. Malate oxidation by the 
diabetic preparations was about the same as that by normal 
preparations (Table VI). 

The addition of malate did not influence the oxidation of 
citrate by normal and diabetic supernatant plus microsomal 
fractions to a significant extent (Table V), whereas such addition 
lowered the CO, production from 1-C-glucose 6-phosphate 
(Table VI). 

Malate-3-C™ and fumarate-2-C™ produced very small amounts 
of C“O, (Table VI). This can be explained by the observation 
(1) that the conversion of pyruvate to acetyl-CoA is greatly 
depressed by the presence of acetate (see also below). 

CO, production from succinate-1-C“ was similar to that 
found with malate-4-C™ when one considers that succinate-1-C™“ 
will appear as malate-1,4-C“ (Table VI). This conversion of 
succinate-1-C“ to CO. demonstrates the presence of succinic 
dehydrogenase in these preparations. 

Paper chromatographic analysis of the organic acids recovered 
after the incubation revealed that over 80% of the added malate- 
3-C™ and succinate-1-C™ was not metabolized. This indicates 
that the turnover of the complete citric acid cycle is not high as 
compared with the removal of the tertiary carboxyl of citrate 
since, at the 25-umole level, about one-half of the added citrate 
was oxidized. The low C“O, yields from malate-3-C™, fumarate- 
2-C™, and acetate-2-C“ (1) also demonstrate that recycling 
through the Krebs cycle is small in these preparations. 





4. TPNH Utilization 


The maximal TPNH production achieved in our preparations 
by addition of citrate or glucose 6-phosphate alone or by citrate 
plus glucose 6-phosphate or by citrate plus malate or by glucose 
6-phosphate plus malate was 856 + 60 mumoles of TPNH per 
mg supernatant protein, in the case of the normal preparations, 
and 1,000 + 80 in the case of the diabetic ones (Table VII). It 
would appear that availability of oxidized TPN is the limiting 
factor in the oxidation of these substrates. Thus, the total activity 
of enzymes involved in TPNH generation does not play an 
important role in the actual metabolic oxidation of their sub- 
strates, so long as the enzymatic activity is not decreased below 
the metabolic turnover rate controlled by the availability of 
oxidized TPN and the substrate concentration of other enzymes 
competing for TPN. 

The oxidation of glucose 6-phosphate (Fig. 1) and of malate 
(Table VI) is markedly decreased in the presence of citrate, 
whereas citrate oxidation is only slightly lowered by addition of 
glucose 6-phosphate or malate (Table V). 

In less than 5 minutes (in the case of the 2-hour incubation 
period) a TPNH:TPN ratio is reached that is characteristic for 
the enzyme (or enzymes) reactions studied. The ratios (TPNH: 
TPN) are not the same for different enzymatic reactions, and 
these differences might explain the influence of one enzymatic 
reaction on another. 

It is well known that triphosphopyridine nucleotide in the 
liver cell, at least in the extramitochondrial part, is almost com- 
pletely present in the reduced form (36). It seems reasonable 
to assume that the rate of reoxidation of TPNH limits the oxida- 
tion of TPNH-generating substrates not only in our homogenate 
system, but also in the extramitochondrial part of the intact liver 
cell. However, a deficiency in TPNH-generating substrates 
could possibly influence the state of reduction of TPN in the 
intact cell under special conditions, but this is apparently not 
the case in diabetic rat liver, since the TPNH:TPN ratios in 
this tissue have been reported to be the same as in normal liver 
(37). 

The TPNH generation that would be expected from the 
amount of TPN added (1 umole) and from TPNH utilization 
by the reduction of unsaturated acyl-CoA derivatives is only 
about one-twentieth of the TPNH generation observed (20 to 
40 umoles) in this study. TPNH consumption greatly exceeding 


TaBLe VII 
TPNH generation from various substrates by normal and 
diabetic rat liver supernatant and microsomal fractions 
The figures recorded below represent mumoles TPNH produced 
per mg supernatant protein, calculated as described in text. 





























Substracride- | Substrates we era 
No. of 
-— Glucose - 
Table Figure} Citrate eux: saints Normal Diabetic 
pmoles | umoles | wmoles 
STF 75 0 0 | 849 + 72 | 1057 + 28 
7 =| IIl,vI 0 40 O | 845 + 40| 942 + 50 
3° V 1 | 25-75) 40 0 | 925 + 80 | 1096 + 85 
a: 4 UNF 50-75) 0 25 | 833 + 83 | 1044 + 70 
4 | VI 0 40 25 | 832 + 45) 908 + 80 
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TaBLeE VIII 


Oxidation of citrate and glucose 6-phosphate by normal supernatant 
plus microsomal fractions under varying reducing conditions 
of medium 

For experimental conditions, see Table I. Citrate or glucose 
6-phosphate alone was used as TPNH-generating substrate. The 
C" activity of the tertiary carboxyl-C"-citrate and of the 1-Cu. 
glucose 6-phosphate was 6.4 X 10‘ c.p.m. per flask. GSH = re. 
duced glutathione, GSSG = oxidized glutathione. 




















No. | Labeled substrate 
—- Incubation conditions Gas phase 
Oxi- 
ments Compound Added dized 
umoles |umoles 
3 | Asin Table I air 25 | 10.4 
3 | No GSH air 25 | 7.8 
3 | BAL* instead of GSH) air 25 8.8 
9 | GSSG air 25 | 22.0 
8 | Cysteine instead of | air 25 | 19.0 
GSH C*-citrate 
1 | Asin Table I nitrogen 25 | 11.0 
1 | Acetate, ATP, CoA, | air 25 | 9.6 
and GSH omitted 
1 | Acetate, ATP, CoA, | nitrogen 25 | 6.0 
and GSH omitted , 
1 | Acetate, ATP, CoA, | air 30 | 5.1 
and GSH omitted 
1 | Acetate, ATP, CoA, | nitrogen - 30 | 4.0 
and GSH omitted rae 
3 | Asin Table I air Z : 30 | 5.2 
3 | BAL instead of GSH | air er 30 | 5.0 
5 | GSSG air 30 | 26.0 
1 | As in Table I | nitrogen 30 | 5.3 














* BAL = 2,3-dimercaptopropanol. 


that needed for fatty acid synthesis has also been observed by 
Wakil and Ganguly with a purified pigeon liver system (38). 

Our attempts to find an explanation for this additional TPNH 
utilization in our homogenate preparations have so far met with 
limited success. The omission of glutathione from the medium 
resulted in a decrease of substrate oxidation. Addition of ox- 
idized glutathione to the medium resulted in an almost com- 
plete oxidation of citrate and glucose 6-phosphate. Apparently, 
glutathione is reduced by these homogenate fractions through a 
TPNH-specific reductase (Table VIII). However, when gluta- 
thione was replaced by 2,3-dimercaptopropanol, the oxidation 
of glucose 6-phosphate and citrate was only slightly lower than 
with glutathione. TPNH-cytochrome reductase, which is 
known to occur in microsomes (34), does not seem to play an 
important role, since TPNH production was the same regardless 
of whether air or nitrogen served as gas phase. When acetate, 
ATP, CoA, and glutathione were omitted, however, the oxida- 
tion of citrate and glucose 6-phosphate was definitely lower in 
nitrogen than in an atmosphere of air (Table VIII). Fatty acid 
synthesis from acetate by our homogenate fractions was the 
same, regardless of whether the incubations were carried out in 
air or in nitrogen. 


Microsomal Stimulation 


Fatty acid synthesis by the supernatant fraction was ac- 
celerated by increasing amounts of microsomes (Fig. 2), although 
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microsomes alone are incapable of metabolizing acetate. This 
microsomal stimulation is maximal at a ratio of microsomes to 
supernatant protein that approximates the ratio found in the 
intact liver cell. However, at this and at higher ratios, the ac- 
celerated fatty acid synthesis proceeded for only a short period 
of time, and was followed by an inhibition (Fig. 2). In order 
to avoid this inhibition, microsomes were added to the super- 
natant fractions to provide a ratio of about two-thirds that found 
in the intact liver cell. Under these conditions, normal micro- 
somes stimulated synthesis of fatty acids from acetate from 5- 
to 10-fold in the experiments with normal rat liver supernatant 
fractions, whereas diabetic microsomes stimulated fatty acid 
synthesis in diabetic rat liver supernatant fractions only 14- to 
3-fold. 

The effects of adding normal microsomes on fatty acid syn- 
thesis by diabetic supernatant, and of adding diabetic microsomes 
on the lipogenesis by normal supernatant were also studied. 
Results are presented in Table IX. Normal microsomes stimu- 
lated lipogenesis by both normal and diabetic supernatants far 
better than did the diabetic microsomes. However, normal 
microsomes did not restore lipogenesis in the diabetic super- 
natant to the level observed with normal supernatant plus its 
microsomes. Thus, it is apparent that, in addition to the ob- 
served enzymatic defect in the microsomes (11), there is another 
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Fig. 2. Activation of fatty acid synthesis in normal rat liver 
homogenate supernatants by addition of microsomes. The mi- 
crosomal pellets obtained from 13 g of liver homogenized in 35 ml 
of phosphate buffer were resuspended in 0.25 m sucrose, final vol- 
ume 3.5 ml. The volume of particle-free supernatant recovered 
from these preparations was 28 + 1 ml. The protein concentra- 
tions of the supernatant and microsomal fractions were 33 + 2 
mg per ml and 80 + 7 mg per ml, respectively; the protein con- 
centration of the nonseparated supernatant + microsomes frac- 
tion was 44 + 5 mg per ml. 

The values presented in this graph are averages from three ex- 
periments with different rats, and are all calculated on the protein 
content of the particle-free supernatants. For further experi- 
mental data, see Table I. A, 1.5 ml supernatant + 0.1 ml micro- 
somes; B, 1.5 ml supernatant + 0.05 ml microsomes; C, 1.5 ml 
supernatant + 0.2 ml microsomes; D, 1.5 ml supernatant + mi- 
crosomes, not separated; EZ, 1.5 ml supernatant + 0.025 ml micro- 
somes; F, 1.5 ml supernatant alone. 
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TaBLe IX 
Stimulation of fatty acid synthesis from acetate-1-C'* by normal 
and diabetic supernatant fractions by addition of normal 
or diabetic microsomes 
For experimental details and incubation procedure, see Table 
I. Gas phase, air. Each value recorded below is the average 
and its standard error for fourteen different experiments. 





Fatty acid synthesis by supernatant + microsomes 
Fatty acid synthesis by supernatant alone 





Supernatant fraction 





Normal microsomes Diabetic microsomes 





Normal........ 
Diabetic. ...... 





6.5 + 0.43 3.1 + 0.26 
4.5 + 0.35 2.2 + 0.20 








lesion in diabetic lipogenesis which is located in the supernatant 
(nonparticle) fraction. Another indication of this defect in the 
diabetic supernatant fraction is the observation that diabetic 
microsomes often did not stimulate lipogenesis in supernatant 
fractions from other diabetic animals as well as in their own 
supernatant fractions. 


SUMMARY 


Fatty acid synthesis from acetate by particle-free supernatant 
fractions of liver homogenates prepared from normal and diabetic 
rats was shown to be about the same. The addition of normal 
microsomes to the normal supernatant fraction caused a 5- to 
10-fold stimulation of lipogenesis from acetate, whereas the addi- 
tion of diabetic microsomes to the diabetic supernatant fraction 
stimulated 14- to 3-fold. 

The conversion of acetate to long-chain fatty acids by normal 
and diabetic rat liver homogenate supernatant plus microsomal 
fractions was the same as or higher than that observed with liver 
slices prepared from the same animals. 

Metabolic reactions known to be involved in fatty acid syn- 
thesis from acetate were studied to determine the cause of de- 
fective lipogenesis in the diabetic rat liver. 

1. Acetate activation was shown to be the same in both normal 
and diabetic homogenate preparations. 

2. If there is a defect in the production of DPNH by the 
diabetic rat liver homogenate fractions, it seems to play no role 
in the reduced lipogenesis from acetate in these preparations. 

3. A method for the determination of TPNH generation from 
glucose 6-phosphate, citrate, and malate is presented. TPNH 
generation from these substrates by the diabetic rat liver prepara- 
tions under conditions optimal for fatty acid synthesis was not 
impaired. The TPN-dependent oxidation of these substrates 
by both normal and diabetic homogenate fractions was limited 
by the availability of oxidized TPN and not by the activities of 
the TPNH-generating enzymes studied. 

4, There appear to be two contributing causes for the de- 
creased conversion of acetate to fatty acids by the diabetic rat 
liver supernatant plus microsomal fractions. The first is the 
inability of the diabetic microsomes to stimulate fatty acid syn- 
thesis up to the levels observed with the normal microsomes. 
The other lesion is located in the diabetic supernatant fraction, 
and its nature is unknown. 
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This paper is a continuation of a series of studies on the rela- 
tionship between the incorporation of various labeled precursors 
into the phosphatides and the secretion of water-soluble sub- 
stances from a variety of secretory cells (1-12). It is specifically 
concerned with slices of the parotid gland, submaxillary gland, 
and pigeon esophageal mucosa. 

In an earlier study it was shown that when either mucin secre- 
tion by submaxillary slices or amylase secretion by parotid slices 
was stimulated with either cholinergic or adrenergic agents, there 
was a marked increase in the rate of incorporation of P® into the 
total phosphatide fraction (5). However, in this earlier study 
the individual phosphatides were not separated. In the present 
paper the individual phosphatides from these tissues have been 
separated by paper chromatography, and the incorporation of 
P® into these phosphatides has been measured. 

Similar studies with slices of pigeon esophageal mucosa are 
presented. In birds the peptic mucosa is located in the lower 
esophagus. The esophageal mucosa of the pigeon was found to 
lend itself well to the slicing technique, and secretion of pepsin 
could be stimulated with acetylcholine in slices of this tissue. 

The same correlation between P* incorporation into the phos- 
phatides and protein secretion has been found here for the sali- 
vary glands and the esophageal mucosa as has been found for 
the secretion of various substances in other types of secretory 
cells; ie. on stimulation of secretory activity there is a marked 
increase in the incorporation of P® into phosphoinositide and 
phosphatidic acid, with a smaller increase in this incorporation 
in the other phosphatides. 


EXPERIMENTAL PROCEDURE 


Preparation and Incubation of Tissues—Slices of guinea pig 
submaxillary glands and parotid glands were prepared and incu- 
bated as described previously (5). For preparation of esophageal 
mucosal slices, a slice of pigeon esophagus, approximately 2 to 
2.5 em long, just cephalad to the gizzard was removed imme- 
diately after the pigeon was killed, cut longitudinally to form a 
sheet, and placed in ice-cold 0.9% NaCl solution. Three slices 
could be prepared from a single esophagus, but it was found that 
the best results could be obtained if the middle slice, which 
contained the greatest concentration of pepsin, was used. Con- 
sequently, only the middle mucosal slice from a pigeon was used 


* This work was aided by grants from the National Institutes 
of Health and the Wisconsin Alumni Research Foundation. 
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in each experiment. Each slice was divided longitudinally in 
half, one-half for the control and the other for the experimental 
vessel. The slices were incubated in 3.0 ml of Krebs-Henseleit 
bicarbonate medium (13) containing 200 mg/100 ml glucose 
and 10 to 40 we per ml of P*®-phosphate. When respira- 
tion was measured, “Medium III” of Krebs (14) was used. 
Drugs were added as indicated. Eserine sulfate (10- m) was 
always added with acetylcholine to prevent its hydrolysis by 
choline esterase. The flasks were shaken for 2 hours at 38° in a 
Dubnoff metabolic incubator. After incubation the tissues were 
ground with sand, and the individual phosphatides were isolated 
as described previously (6). 

Pepsin Assays—After incubation the tissues were removed, and 
the media were centrifuged at about 2000 x g for 10 minutes at 
0°. - To 2.5 ml aliquots of the supernatant fluid was added 0.15 
ml of N HCl, followed by rapid mixing. Pepsin was assayed by 
a modified method of Anson (15). Acid casein (2%) was pre- 
pared by dissolving 2.5 g of casein (Nutritional Biochemicals 
Corporation) in 80 ml of water at 100°, followed by addition of 
20 ml of 0.3 n HCl after cooling. To 2.5 ml of the casein solu- 
tion at 37° was added 0.5 ml of enzyme solution, and the mixture 
was incubated at 37° for 30 minutes. The digestion was stopped 
by addition of 5.0 ml of 5% trichloroacetic acid, followed by 
rapid mixing. After standing in the bath for 2 to 3 minutes 
longer, the incubation mixture was filtered through Whatman 
No. 3 filter paper. The clear filtrate, 2.5 ml, was mixed with 5.0 
ml of water, and the solution was read at 280 my in a Beckman 
model DU spectrophotometer. Appropriate blanks were run 
with all assays. The optical densities were converted to micro- 
grams of pepsin by assay of solutions of twice crystallized pepsin 
(Nutritional Biochemicals Corporation) under the same condi- 
tions. Under the conditions of our assay, 100 ug of pepsin gave 
an optical density of 0.976. 


RESULTS 


Incorporation of P* into Phosphatides in Guinea Pig Salivary 
Glands—In earlier studies it was shown that acetylcholine stimu- 
lated the secretion of mucin from submaxillary gland slices and of 
amylase from parotid gland slices (5). Protein secretion was not 
measured in the present series of experiments. In three experi- 
ments with guinea pig parotid slices, the average stimulation by 
acetylcholine (10~° m) of the incorporation of P® in phosphoinosi- 
tide was 313%, in phosphatidic acid, 245%, in phosphatidy] 
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TasBie I 
Effect of acetylcholine on incorporation of P** into 
individual phosphatides in slices of guinea pig 
submazillary and parotid glands 





Radioactivity of phosphatides 
(c.p.m./100 mg of tissue) 

















Submazxillary gland Parotid gland 
H é 
rot | Ache | 2 | foi | Ache | 2 
as gs 
Phosphoinositide. ............ 4, 980/26 ,300| 427/4,060|20,800) 410 
Phosphatidic acid............. 1,370} 6,160} 353| 820) 3,880) 376 
Phosphatidyl choline. ........ 1,990} 4,240) 110/2,670| 4,730) 77 
Phosphatidyl ethanolamine...| 470) 950) 104; 500) 1,050) 110 























* ACh = 10-' M acetylcholine. All counts corrected to a con- 
stant specific activity for the inorganic phosphate in the medium 
(100,000 c.p.m./yg of P). 


TABLE II 
Effect of acetylcholine on pepsin secretion in slices of 
pigeon esophageal mucosa 
In each experiment the middle slice from the esophageal mucosa 
from a separate pigeon was divided into paired halves for incuba- 
tion without and with ACh. 

















Control + ACh* Increment Increase 
ug of pepsin/100 mg of tissue % 
Mean 426 742 +316 +91 
Range 102 to 854/101 to 1340|—41 to +623) -—29 to +250 
1 S.E.M. +23.4 
P <0.01, >0.001 





* ACh = 10-° m acetylcholine. 

¢ S.E.M. = Standard error of the mean. The mean percentage 
of increase and its standard error were calculated from the per- 
centage of increase in each experiment. The values were calcu- 
lated from 11 individual experiments. 


choline, 40%, and in phosphatidyl ethanolamine, 38%. In two 
experiments with guinea pig submaxillary slices incubated under 
the same conditions, the average stimulation of the incorporation 
of P® in phosphoinositide was 579%, in phosphatidic acid, 338%, 
in phosphatidyl choline, 120%, and in phosphatidyl ethanola- 
mine, 141%. Results of typical experiments are shown in Ta- 
ble I. 

The results in the two types of salivary gland are very similar 
to each other. They are in general accord with the results of 
other work in which the incorporation of P® into the phosphatides 
during secretory activity has been studied. 

Effects of Acetylcholine in Slices of Pigeon Esophageal Mucosa— 
Friedman (16) showed that when acetylcholine was administered 
to the pigeon, only small amounts of juice were secreted, but this 
juice was very rich in pepsin. This result is similar to conditions 
in many other species in which cholinergic stimulation produces 
a secretion rich in pepsin. The volume of the secretion is usually 
low, and the acidity is variable (see Babkin (17) for a review of 
this subject). 

In the present series of experiments acetylcholine (10-5 m) plus 
eserine (10-* m) increased the extrusion of pepsin into the incu- 
bation medium on average by 91% (Table II). This increase in 
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the quantity of pepsin extruded into the medium can be taken 


as being due to true secretion. This conclusion is based on the 
fact that acetylcholine is the physiological stimulus for pepsin 
secretion; in addition, acetylcholine has been shown to stimulate 
protein secretion in other digestive glands incubated in vitro 
(5, 18, 19) and where measured, its stimulatory effects were 
dependent on a source of energy (18, 19). 

It should be noted in Table II that a considerable quantity of 
pepsin was found in the incubation medium even in the absence 
of acetylcholine. In all probability, this discharge of pepsin wag 
due to passive leakage of the enzyme or to disintegration of 
damaged cells, as has already been shown for the discharge of 
digestive enzymes by pigeon pancreas slices incubated in the 
absence of acetylcholine (18, 19). It should also be noted that 
there was considerable variation in the quantity of enzyme dis- 
charged from unstimulated tissue from different animals. This 
variability is also similar to that found in the pigeon pancreas 
(18). The zymogen content of digestive glands varies enor- 
mously in animals which store the enzymes between periods of 
feeding. It is obvious that the level of the digestive enzymes 
will be greatly influenced by the nutritional state of the animal. 

The effects of 10-5 m acetylcholine on the incorporation of P® 
into the various phosphatides are shown in Table III. The 
incorporation of P® into phosphoinositide, phosphatidic acid, 
phosphatidyl choline, and phosphatidyl ethanolamine were in- 
creased 107, 140, 27, and 12%, respectively. This pattern of 
stimulation of P® incorporation in the gastric glands of the pigeon 
esophagus is thus very similar to that previously observed in 
other glands, with the exception of the pancreas (2, 6) and the 
salt gland (11). In pancreas slices, the stimulation of the incor- 
poration of P® in phosphoinositide is very much greater than 
in any of the other phosphatides. In the salt gland, the stimula- 
tion in phosphatidic acid is very much greater than in the other 
phosphatides. Nevertheless, in all of the glandular tissues stud- 
ied, phosphoinositide and phosphatidic acid are the two phos- 
phatides which show the greatest stimulation. The significance 
of the quantitative differences in their responsiveness in different 
types of glandular tissue is not clear. This is presumably related 
to the types of substances secreted. 

In three experiments, the average increase in pepsin secretion 
with 10-* m acetylcholine was only 18% (range, 1 to 30%), as 
compared to 91% with 10-* m acetylcholine. With this higher 
concentration of acetylcholine, the percentage stimulation in P® 
incorporation into phosphoinositide in these same three experi- 
ments was also less than with 10-5 m acetylcholine, being only 
34% (range, 5 to 71%), as compared to 107 % with 10-* m acetyl- 
choline. The effect on phosphoinositide turnover thus correlates 
with the effects on pepsin secretion. However, the higher con- 
centration of acetylcholine appeared to produce a greater stimu- 
lation of P® incorporation into phosphatidic acid. This stimu- 
lation was 273% (range, 126 to 332%), as compared to 140% 
with 10-5 m acetylcholine. The effects of 10-* m acetylcholine 
on P® incorporation in phosphatidyl choline and phosphatidyl 
ethanolamine did not differ significantly from those with 10-° m 
acetylcholine. 


DISCUSSION 


The submaxillary gland, which secretes mucin, the parotid 
gland, which secretes amylase, and pigeon esophageal mucosa, 
which secretes pepsin, must now be added to the list of endocrine 
and exocrine glands in which the stimulation of secretion is asso- 
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TaBeE III 
Effects of acetylcholine on incorporation of P®* into individual phosphatides 
Radioactivity (c.p.m./100 mg of tissue). 
Phosphoinositide Phosphatidic acid Phosphatidy] choline Phosphatidyl ethanolamine 
Experiment No. 
Control | + ACh* | % increase | Control | + ACh* | % increase | Control | + ACh* % increase Control | + ACh* |% increase 
1 3660 9410 178 1010 3890 285 3190 4090 28 2400 3060 28 
2 2250 7120 216 869 3230 272 1940 3680 90 1620 2240 38 
3 2720 5500 104 894 3140 252 3210 4430 38 2500 2180 —13 
+ 5070 6500 28 1700 2690 58 6120 6590 8 2250 2260 1 
5 2820 5710 102 1230 1860 51 2780 3630 30 1030 1030 0 
6 3050 6070 99 1210 1980 63 3490 3020 —13 724 1170 62 
7 2070 2080 1 2750 4210 53 3380 3170 —6 4660 3030 —35 
8 1470 2690 83 1150 2760 140 2460 2890 17 3910 4660 19 
9 1250 3200 156 1160 2760 138 2920 4890 67 3870 5060 31 
10 2050 4170 104 1780 3270 84 4630 5190 12 7800 6780 —13 
Mean 2641 5245 | +107 1375 2979 | +140 3412 4158 +27 3076 3147 | +12 
§.E.M. +19.3 +28.7 +8.5 +8.7 
p <0.001 <0.001 <0.02 >0.01 >0.10 























ciated with a marked increase in the incorporation of P® into 
phosphoinositide and phosphatidic acid, with lesser increases 
in phosphatidyl choline and phosphatidyl ethanolamine. The 
other glandular tissues in which a similar correlation has been 
observed are the pancreas (enzyme secretion), adenohypophysis 
(adrenocorticotrophin secretion), the adrenal medulla (adrenaline 
secretion), and the avian salt gland (sodium chloride secretion). 
A similar effect has also been observed in synaptic tissue in re- 
sponse to acetylcholine (2, 20). A mechanism whereby phos- 
phatidic acid may participate in the transport of hydrophilic 
molecules across the cell membrane has been discussed elsewhere 
(9, 12, 21). Some thoughts on the significance of phosphoinosi- 
tide in transmembrane transport have also been presented (9, 12). 


SUMMARY 


Stimulation of the secretory activity of slices of submaxillary 
gland and parotid gland with acetylcholine is accompanied by 
marked increases in the incorporation of P® in phosphoinositide 
and phosphatidic acid and lesser increases in this incorporation 
in phosphatidyl choline and phosphatidyl ethanolamine. Acetyl- 
choline stimulates the secretion of pepsin in slices of pigeon eso- 
phageal mucosa, and this is also accompanied by appreciable 
increases in the incorporation of P® in phosphoinositide and 
phosphatidic acid, with lesser increases in phosphatidyl choline 
and phosphatidyl ethanolamine. 
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Previous studies from this laboratory have provided evidence 
for the conversion of acetate to mevalonate by the following 
sequence of reactions (Reactions 1 and 2): 


CH;—COSCoA + CH:—CO—CH:COSCoA + H:20 — 


Acetyl-CoA Acetoacetyl-CoA 
OH CH; 
nf 
4 fs 
CH, CH: + CoASH 
O= =O 
bu 4 Coa 
HMG'-CoA 
OH CH; 
ee al 
C 
fo 
CH; CH, + 2 TPNH + 2 Ht > 
O= =O 
bu bcos 
HMG-CoA 
(2) 
meet Pons 
Cc 
im,” 
CH, CH, + CoASH + 2 TPN* 


o=¢ Hs 


bu bu 
Mevalonic acid 


The purification of 8-hydroxy-8-methylglutaric acid coenzyme 
A ester-condensing enzyme that catalyzes Reaction 1, the stoi- 
chiometry, and the identification of the components of this reac- 
tion have been reported by Rudney and Ferguson (1-5) and 
Lynen etal. (6). In view of the structural similarity of mevalonic 
acid, an efficient precursor of cholesterol and related compounds, 


* This investigation was supported in part by grants from the 
Life Insurance Medical Research Fund. Radioactive isotopes 
were obtained on allocation from the Atomic Energy Commission. 

+ Parts of this work are from a dissertation by I. F. Durr sub- 
mitted to the Graduate School of Western Reserve University in 
partial fulfilment of the requirements for the Ph.D. degree. Pres- 
ent address, School of Pharmacy, American University of Beirut, 
Beirut, Lebanon. 

t Supported by a Senior Research Fellowship SF-199 from the 
Public Health Service. 


to HMG-CoA, it became of interest to determine whether HMG- 
CoA could be enzymatically reduced to mevalonic acid (Reaction 
2). Preliminary investigations in yeast extracts demonstrated 
the direct synthesis of mevalonic acid from HMG-CoA (7, 8). 
Furthermore, certain aspects of this reaction were briefly noted 
(9-11). 

The present paper describes the details of these and subse- 
quent experiments. The results obtained show that the reduc- 
tion is apparently catalyzed by a single enzyme requiring sulf- 
hydryl groups for activity. This enzyme is designated as 
HMG-CoA reductase. Reduced triphosphopyridine nucleotide 
is the reductant, and the reduction occurs on the thiol-esterified 
carboxyl group of HMG-CoA. The reaction is irreversible and 
does not involve free mevaldic acid as an intermediate. Other 
experiments designed to reveal aspects of the nature of the 
possible enzyme substrate intermediates and the stoichiometry 
of the reduction are also described. Similar findings were re- 
ported by Lynen et al. (12, 13). 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


C-labeled HMG-CoA—Biosynthetically prepared HMG-C"- 
CoA was obtained as previously described (4). pL-HMG-2- 
C*-CoA was prepared in the following manner. pL-HMG-2-C¥ 
was prepared by oxidation of pL-mevalonate-2-C™ with potas- 
sium permanganate under the following conditions: pL-mevalonic 
acid as the dibenzylethylenediamine salt (0.24 mmole equivalent 
to 0.48 mmole of the free lactone) was dissolved in 2 ml of water 
and passed through a Dowex 50 column, H+ form (0.5 X 3 cm). 
The column was washed with water and the total effluent was 
titrated with KOH to neutrality with phenol red as an indicator. 
The solution was evaporated to dryness. Then 0.5 mi of 2 m 
phosphate buffer, pH 6.6, and 35 ml of 0.1 nN KMnQ, were added. 
The solution was set aside for 44 hours at 25°. Excess perman- 
ganate was decolorized with a small amount of sodium bisulfite 
and the solution was evaporated to dryness under a stream of 
nitrogen. The free HMG contained therein was subjected to 
Celite chromatography as described (2). Unreacted mevalonate 
was eluted with 200 ml of 100% chloroform. MG was isolated 
by elution with 85% chloroform and 15% butanol in the portion 
from 200 to 300 ml. The yield of HMG was 60 to 80%. 

It should be emphasized that the pH of the solution is very 
critical in this oxidation. In acid solution, mevalonic acid is 


1 The abbreviations used are: HMG and HMG-CoA, 6-hydroxy- 
B-methylglutaric acid and its CoA ester. 
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in the lactone form which is resistant to oxidation, and the yields 
are low. With alkaline permanganate, mevalonate is almost 
completely destroyed. It was found that pH 6.6 represented 
the best conditions. It is important that sufficient buffer be 
present to maintain the pH, and that the K salt of mevalonic 
acid rather than the lactone is the starting material. 

pL-HMG-2-C* was then converted to the anhydride and subse- 
quently to HMG-CoA as described (14). HMG-CoA was 
further purified by ascending paper chromatography (15) in a 
solvent system consisting of isobutyric acid-H,O-concentrated 
NH,OH (66:33:1). HMG-CoA has an Rp of 0.48, and is 
sharply separated from oxidized glutathione (Rr 0.2). 

Determination of HMG-CoA—Ordinarily HMG-CoA could be 
determined in the usual manner by reaction with hydroxylamine 
at pH 5.5 and subsequent colorimetric measurement of the re- 
sultant hydroxamic acid by formation of complexes with ferric 
salts. This method cannot be used in the presence of mevalonic 
acid, because at neutral or acid pH the lactone form of mevalonic 
acid predominates and readily reacts with hydroxylamine to form 
a hydroxamate. This difficulty was resolved by the use of 
alkaline hydroxylamine under conditions which allowed HMG- 
CoA to react, but which allowed the complete conversion of the 
lactone of mevalonate to the free acid, which does not react. 
The method outlined below was carried out in a phosphate-free 
medium. 

One milliliter of sample containing HMG-CoA was mixed with 
0.5 ml of alkaline hydroxylamine freshly prepared by mixing 
equal volumes of 2 N hydroxylamine and 2.5 n sodium hydroxide. 
After 1 minute, 1.5 ml of ferric chloride reagent (0.37 m FeCl,, 
0.31 m trichloroacetic acid, and 0.65 m HCl) were added. The 
readings were made in a Klett photometer at a wave length of 
540 mu. HMG-CoA, 1 umole, gave a reading of 186 which was 
stable for at least 1 hour and decreased by 15% after 13 hours. 
Under the same conditions mevalonolactone did not react, and 
1 umole of free CoA gave a reading of 15. 

Decarboxylation of Mevalonic Acid—The carboxyl group of 
mevalonic acid was removed by pyrolysis of barium mevalonate 
as described for other acids (16). 

Enzyme Preparations—Crude extracts of fresh Red Star bakers’ 
yeast capable of reducing HMG-CoA to mevalonic acid were 
prepared by a number of well described procedures (4, 11). 
Freezing in liquid nitrogen followed by KzHPO, extraction (17) 
was adopted for the preparation of cell-free extracts of yeast. 
Commercial yeast preparations show a marked variation in en- 
zymatic activity ranging from 0.25 to 3.5 units per mg (a unit of 
activity is equivalent to the reduction of 0.002 umole of HMG- 
CoA per minute under the conditions of the optical assay de- 
scribed in the legend to Fig. 1.) 


Purification of HMG-CoA Reductase 


(a) Isoelectric Precipitation—The pH of the crude extract (1 
liter, 20 mg protein per ml) was adjusted to 5.7 by the dropwise 
addition of 1 N acetic acid. The precipitate obtained by centrif- 
ugation (40,000 x g for 15 minutes) was discarded. More acid 
was added slowly, bringing the pH to 4.7. The precipitate was 
collected as above and dissolved in about 150 ml of 0.15 m 
K:HPO, containing 1 X 10-* m Versene (ethylenediaminetetra- 
acetate), and 1 n KOH was gradually added to bring the pH to 
7. The suspension was centrifuged (40,000 x g for 15 minutes), 
and the residue was discarded. The opaque supernatant solu- 
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MINUTES 


Fig. 1. Spectrophotometric assay for the reduction of HMG- 
CoA. The reaction mixture contained 5.6 mg of protein (specific 
activity, 1), 10 mg of albumin, 40 umoles of cysteine, 75 umoles of 
phosphate buffer (pH 6.5), and 0.26 umole of TPNH. At 1 minute, 
1.1 wmoles of pt-HMG-CoA were added. Final volume 1.5 ml. 
Curve I, all components except HMG-CoA; Curve IT, all compo- 
nents and HMG-CoA added at 1 minute. 








tion was centrifuged at 105,000 x g for 1 hour. The resultant 
supernatant solution was filtered through glass wool to remove 
the fatty layer. This step gave about 2-fold purification, and 
the preparation could be stored at —15° for a week without 
significant loss of activity. The preparation was stable to dialy- 
sis against water for several hours. In a dialyzed preparation, 
mevalonic acid arising from HMG-CoA was not metabolized 
further. Addition of sulfhydryl compounds was not necessary. 

(b) Chromatography of Isoelectric Precipitate on Diethylamino- 
ethyl Cellulose—This procedure is essentially that of Peterson 
and Sober (18). Cellulose No. 40 (Brown Company), 30 g, was 
suspended in 500 ml of 0.015 m phosphate buffer, pH 7, containing 
1 X 10-* m Versene and 1 X 10-* m neutralized cysteine HCl. 
The cellulose was allowed to settle and the supernatant solution 
was discarded. Buffer, 500 ml, was added to the washed cel- 
lulose, which was then stored at 4°. Approximately 3 g of the 
cellulose slurry were poured into glass columns (1.5 X 12 cm) 
and allowed to settle by gravity. Next, 100 ml (16.5 mg protein 
per ml) of the pH 4.7 precipitate, dissolved in 0.015 m K,HPO, 
containing 1 X 10-* m Versene, and 0.02 m neutral cysteine HCl 
after neutralization with 1 n KOH to pH 7, were poured on top 
of the column. A constant pressure of 2 pounds per square inch 
was applied giving a flow rate of 30 ml per hour. The protein 
was then eluted consecutively with 45 ml of the phosphate buffers 
indicated in Table I. Each buffer contained 0.02 m neutralized 
cysteine HCl and 1 xX 10-* m Versene. 


Assay Procedures 


The reduction of HMG-CoA to mevalonate can be assayed 
by C™ analysis or spectrophotometrically. The former method 
involves the incubation of labeled HMG-CoA with enzyme 
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TaBe [ 
Purification of B-hydroxy-B-methylglutaryl coenzyme A reductase 
Fraction Volume |Protein —_ Units 
PH ml mg/ml 
ER eee 5.7 | 1045* | 12.0 | 0.55tf| 6900 
IDs os06 pc dcisenecoses 4.7} 100 | 16.5 | 1.00 | 1650 
EE eer 100 | 13.6 | 0.78 | 1060 
Phosphate buffer, 0.015 m..... | 45 5.5 
Phosphate buffer, 0.05 m...... 6.5 45 0.25 
Phosphate buffer, 0.1 m....... 6.5 45 0.25) 0 0 
Phosphate buffer, 0.3 m....... 6.5 15 0.29) 13.5 59 
15 0.99} 5.0 74 
| 15 0.30) 2.7 12 

















* From 400 g of fresh bakers’ yeast. 

t Determined isotopically, all other values were determined op- 
tically. A specific activity of 1 represents the reduction of 0.002 
umole of HMG-CoA to mevalonate per minute per mg protein at 
25°, for the initial 2 minutes. 

t This fraction represents the unadsorbed protein which passed 
through the cellulose column. 


preparations, TPNH, and an unlabeled pool of mevalonate. At 
the end of the incubation period the mevalonate is isolated as 
described and analyzed for its C“ content. The reaction mixture 
contained pt-HMG-2-C™-CoA (1.14 uwmoles, 14,700 ¢c.p.m.), 4 
umoles of TPNH, 8 umoles of cysteine HCl, 3.2 mg of crystalline 
bovine serum albumin, 100 uwmoles of unlabeled pi-mevalonate 
and approximately 10 units of enzyme activity as defined in 
Table I. The incubation time was 1 hour at 25° and the final 
volume was 4.1 ml. After the incubation, another 100 umoles 
of unlabeled pi-mevalonate were added and the residual thiol 
esters were hydrolyzed with 1 n KOH (final concentration) for 
30 minutes at room temperature. The mixture was then acidi- 
fied with 3 n H.SO, to pH 2 to 6 and dried under a stream of air 
with an infrared lamp. The residue was then extracted with 7 
ml of absolute ethanol. The insoluble matter was removed by 
centrifugation and the supernatant solution was dried as de- 
scribed previously. Mevalonic acid was then isolated by chro- 
matography (2) on acid Celite by elution with 100% chloroform. 
The fraction from 80 to 200 ml contained the mevalonic acid 
free of acetate, HMG, and related branched chain acids. The 
spectrophotometric assay involved measurement of TPNH oxi- 
dation by the decrease in optical density at 340 my as shown and 
described in the legend to Fig. 1. The concentration of CoA 
was determined by the method of Grunert and Phillips (19). 


RESULTS AND DISCUSSION 


Purification of Enzyme—The yield and enrichment obtained 
by the various steps of the enzyme purification are shown in 
Table I. Even though the enrichment is 27-fold, the final 
product is approximately equal in specific activity to the enzyme 
preparation obtained by Knappe et al. (13), since one of our units 
is equivalent to 3 of their milliunits when a correction is made for 
the temperature at which the assays were performed. Although 
the yield of enzyme is about 8%, only three steps are involved 
in reaching this level of purity. The major purification occurs 
with elution of the enzyme adsorbed to diethylaminoethy] cel- 
lulose column by phosphate buffer. 

Thiol Requirement and Inhibition by Sulfhydryl Reagents—As 
purification of the enzyme proceeded beyond a specific activity of 
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1, it was noted that activity was lost unless thiols were present, 
Among the thiols found to exert a protective effect on the enzyme 
were glutathione, cysteine, and pantetheine. The concentration 
of cysteine used was 2.8 X 10-*?m. p-Hydroxymercuribenzoate 
in a final concentration of 3.7 x 10-? m completely inhibited 
enzymatic activity. Dialysis of the enzyme p-hydroxymercuri- 
benzoate complex and treatment with reduced glutathione failed 
to reverse the inhibition. In order to test the possibility that a 
dithiol compound analogous to thioctic acid was involved in the 
reduction, arsenite was tested as an inhibitor. Incubation of 
the enzyme with 8 X 10-* M arsenite caused about 25% inhibition 
of the reduction. The addition of glutathione did not reverse 
or enhance this inhibition. The fact that arsenite in high con- 
centrations is not a potent inhibitor of this reaction suggests that 
dithiol compounds are not involved in the reduction of HMG- 
CoA. The thioctic acid-dependent oxidation of pyruvate to 
acetyl-CoA has been found to be 70% inhibited by 1 X 10“ x 
arsenite (20). 

Requirement for TPNH—The maximal reduction of enzymati- 
cally synthesized HMG-CoA has been established to occur in the 
presence of a TPNH-generating system (11). The results shown 
in Table II indicate that in well dialyzed preparations substrate 
amounts of TPNH caused 41 and 57% reduction of HMG-CoA 
to mevalonic acid, whereas DPNH was inactive under the same 
conditions. 

Stoichiometry of Reaction—According to Reaction 2, irrespec- 
tive of the mechanism of the reduction, 1 mole of HMG-CoA 
should consume 2 moles of TPNH and produce 1 mole each of 
mevalonic acid and CoA, and 2 moles of oxidized TPN. To 
determine the stoichiometry, simultaneous measurements of 
HMG-CoA utilized, CoA released, TPNH oxidized, and mev- 
alonic acid formed were carried out (Table III) with enzyme 
preparations with a specific activity of 1.0. This was necessary 
since highly purified preparations require for activity a thiol, 
which interferes with the determinations. Mevalonic acid was 
assayed by the isotopic method. Since the HMG-CoA reductase 
preparations contained HMG-CoA deacylase (21), it was neces- 


TaB.eE II 
Pyridine nucleotide requirement for HMG-CoA reductase 

Experiment 1. The reaction mixture contained 18 mg of pro- 
tein (specific activity = 0.21), 60 wmoles of nicotinamide, 150 
umoles of phosphate buffer at pH 6.7, 0.49 umole (14,700 c.p.m.) 
of pt-HMG-2-CCoA, and 76 umoles of pt-mevalonate as a pool. 
Final volume was 1.55 ml and the incubation 30 minutes at 30°. 
At the end of the incubation, 232 wmoles of pL-mevalonate were 
added as a carrier. 

Experiment 2. The reaction mixture contained 54 mg of pro- 
tein (crude extract), 450 wmoles of phosphate buffer (pH 7.6), 240 
pmoles of nicotinamide, 0.01 wmole of biosynthetic HMG-2-C**- 
CoA (1320 c.p.m.), and 100 umoles of pt-mevalonate. Final vol- 
ume was 6 ml and the incubation time was 90 minutes at 25°. At 
the end of incubation, 100 umoles of pL-mevalonate were added as 
a pool. 








Experiment | Reductant Mevalonate formed 
umoles pmoles X 10? 
1 TPNH 2.7 14.0 
DPNH 4.0 0.0 
| 
2 TPNH 1.1 0.42 
| DPNH 2.5 0.0 
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TaBLeE III 
Stoichiometry of reaction 
Positive values indicate formation and negative indicate disap- 


pearance. The ACoA values are corrected for HMG-CoA de- 
acylase activity which accounted for 20 to 40% of the total CoA 
liberated. 

Experiment 1. The reaction mixture contained 30 mg of pro- 
tein, 4.8 umoles of TPNH, 150 umoles of phosphate buffer (pH 6.0), 
and 3.4 wmoles of pu-HMG-CoA. Final volume was 1.8 ml, and 
incubation time was 35 minutes at 30°. 

Experiment 2. The reaction mixture contained 16 mg of pro- 
tein, 4.8 umoles of TPNH, 150 umoles of phosphate buffer (pH 6.0) 
and 1.43 pmoles of pt-HMG-2-C'*-CoA (29,400 c.p.m.). Final 
volume was 1.7 ml, and the incubation time was 30 minutes at 30°. 
Experiment 8. The reaction mixture contained 84 mg of pro- 
tein, 6 umoles of TPNH, 90 umoles of Tris-HCl buffer (pH 7.5) 
and 1.63 wmoles of pt-HMG-2-C'-CoA (14,700 ¢.p.m.). Fina) 
volume was 4.2 ml and the incubation time was 60 minutes at 30° 














Experiment AHMG-CoA ATPNH AMevalonate | ACoA 
1 —1.7 +0.9 
2 —0.65 +0.33 +0.33 
3 —0.38 —0.70 +0.34 +0.35 
sary to use controls to correct for this deacylation. Further 


corrections were made for endogenous TPNH oxidation and the 
absorption of HMG-CoA at 340 mu. The results listed in Table 
III show that for each mole of HMG-CoA which disappears, 2 
moles of TPNH are utilized and 1 mole of CoA and mevalonic 
acid are formed. 

Reduction of Thiol-esterified Carboryl Group—Previous work 
showed that HMG-CoA, but not HMG, was reduced (11). Al- 
though this result made it appear most likely that the carboxy] 
esterified with the thiol group was being reduced, it did not con- 
stitute conclusive evidence. Such evidence could be obtained 
by degradation of the mevalonic acid molecule enzymatically 
formed from HMG-CoA labeled with C™ in the free carboxy] 
group. HMG-1-C"*-CoA is readily obtained by enzymatic con- 
densation of carboxyl-labeled acetyl-CoA with acetoacetyl-CoA 
by way of the HMG-CoA-condensing enzyme as described by 
Rudney and Ferguson (8, 5). If the reduction of HMG-1-C"- 
CoA occurred on the thiol-esterified carboxyl, it would produce 
mevalonate labeled in the carboxyl group. Decarboxylation of 
the mevalonate-1-C™ would yield labeled CO: with the same 
molar specific activity as that of the mevalonate. On the other 
hand, if there was reduction of the C-labeled free carboxy] of 
HMG-1-C-CoA, decarboxylation of the mevalonate would 
yield unlabeled COz. Mevalonate-2-C™“ was used as a control 
to determine whether C-2 of mevalonate contributes any CO, 
during the decarboxylation. Unlabeled pt-mevalonate was 
added to the mixture after the reduction of the HMG-CoA and 
the mevalonate was purified twice on Celite. The labeled mev- 
alonate was decarboxylated by pyrolysis of the barium salt. 
The results shown in Table IV demonstrate that the CO, pro- 
duced from mevalonate-1-C™ has the same specific activity as 
that of the mevalonate and therefore the CO, must have been 
solely produced from C-1 of mevalonate. It is therefore con- 
cluded that the reduction of HMG-CoA occurred on the thiol- 
esterified group. 

Nonparticipation of Free Mevaldic Acid—The transformation 
of HMG-CoA to mevalonic acid involves the reduction of the 
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thiol-esterified carboxyl group to a primary alcohol group. The 
possibility that the reduction may proceed with the intermediate 
formation of the free aldehyde, mevaldic acid, was investigated. 
The first indication that mevaldic acid was not an intermediate 
compound was the inability of some crude extracts or partially 
purified preparations to catalyze a TPNH-dependent reduction 
of mevaldic acid. Furthermore, incubation of mevaldic acid 
with TPNH and enzyme preparations produced no detectable 
synthesis of mevalonic acid. However, the same yeast prepara- 
tions were able to reduce HMG-CoA to mevalonate. 

Incubation of HMG-C™-CoA with yeast extracts and subse- 
quent determination of C in mevalonate at several time inter- 
vals showed no lag period in the biosynthesis of mevalonate. 
Similar results were obtained by the spectrophotometric assay 
of HMG-CoA reduction (Fig. 1), thereby suggesting that the 
free aldehyde was probably not an intermediate in the reduction 
of HMG-CoA to mevalonate. However, the possibility that the 
second reduction might be fast enough to prevent the accumula- 
tion of an intermediate aldehyde precluded a definitive conclu- 
sion. 

Semicarbazide has often been used as an aldehyde-trapping 
reagent. If free mevaldic acid were an intermediate then the 
addition of semicarbazide might block the biosynthesis of mev- 
alonate from HMG-CoA. The results of a typical experiment 
are shown in Table V. It can be seen that the addition of excess 
semicarbazide did not inhibit the reduction of HMG-CoA. 
Furthermore, the data also show that 100 umoles of pL-mevaldic 
acid caused only a minor reduction of the C™ yield in mevalonic 
acid biosynthesis. 

The DPN-dependent oxidation of the primary alcohol, 1- 
histidinol, to yield L-histidine, has been demonstrated in several 
microorganisms including yeast (22). This reaction, consisting 
of two oxidations, is apparently catalyzed by one enzyme. Addi- 
tion of the aldehyde, t-histidinal, or of semicarbazide did not 
affect the over-all oxidation of t-histidinol to t-histidine. How- 
ever, the addition of the semicarbazone of t-histidinal caused a 
significant inhibition of the oxidation of histidinol, which was 
considered (22) as suggestive evidence in favor of a bound inter- 
mediate. Although such inhibitions could be nonspecific in 
nature, it was of interest to determine whether the semicarbazone 
of mevaldic acid would inhibit the biosynthesis of mevalonate. 
It is evident from Table V that the addition of 100 umoles of the 
semicarbazone of mevaldic acid failed to block the reduction of 
HMG-CoA to mevalonate. 

In view of the failure of a pool of mevaldic acid to significantly 
reduce the C™ incorporation into mevalonate from HMG-C"- 


TABLE IV 
Decarbozylation of mevalonate-1- and -2-C™ formed by enzymatic 
reduction of HMG-1-C'4-CoA and HMG-2-C'*-CoA 
Mevalonate-1- and -2-C'* were enzymatically prepared from 
biosynthetic HMG-1- and -2-C'-CoA, respectively, in the pres- 
ence of a TPNH-generating system. Radioactive mevalonate was 
isolated by the addition of 300 wmoles of unlabeled mevalonate 
which was purified repeatedly by Celite chromatography. 








Mevalonate CO: 
c.p.m. per mmole 
Mevalonate-1-C™ 35,000 30,000 
Mevalonate-2-C™ 37,300 220 
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TABLE V 
Effect of semicarbazide and mevaldate on biosynthetis of mevalonate 


The control contained 50 uwmoles of glucose 6-phosphate, 20 
pumoles of Mg*t*, 5 umoles of TPN, 4 umoles of glutathione, 40 mg 
of protein (specific activity 0.2), 0.38 umoles of pt-HMG-2-C"*- 
CoA (total 14,700 c.p.m.), 150 umoles of pt-mevalonate, and 450 
umoles of phosphate buffer (pH 6.7). The incubation time was 
45 minutes at 37° and the final volume 7.85 ml. Mevalonic acid 
was isolated by chromatography on Celite. The semicarbazide 
was neutralized with 1 Nn KOH. Freshly prepared mevaldic acid 
was used in the experiments. 








Additions Mevalonate 
total c.p.m. 
TL OT ROU, De Seat ye Oe 2 3920 
Same + semicarbazide (500 wmoles)................ 4050 
Same + pui-mevaldate (100 wmoles)................ 3045 
Same + semicarbazide (500 umoles) + mevaldate* 
Sia sa aca estan. sitet he EN A Ne EEN aR ee 3300 








* Mevaldate and semicarbazide were incubated together for 15 
minutes, neutralized, and added to the reaction mixture. I,-bi- 
sulfite titration indicated a complete reaction of mevaldate with 
semicarbazide to form the semicarbazone. 


TaBLe VI 
Investigation of role of mevaldic acid in reduction of HMG-CoA 


Experiment 1. The control contained 14 umoles of TPNH, 50 
pwmoles of Mg**, 450 umoles of phosphate buffer (pH 7.6), 200 
pumoles of pL-mevalonate, 0.25 umole of pL-HMG-2-C"4-CoA (1.3 X 
10° c.p.m.), and 147 mg of protein (specific activity 0.2). Incuba- 
tion time was 20 minutes, and final volume was 27 ml. Mevalonic 
acid was isolated on Celite, and mevaldic acid was quantitatively 
recovered as the 2,4-dinitrophenylhydrazone derivative. Resid- 
ual HMG-C"-CoA was recovered as free HMG by addition of 100 
pmoles of carrier HMG. 

Experiment 2. Control contained dialyzed yeast supernatant, 
9 umoles of TPN, 100 umoles of glucose 6-phosphate, 50 umoles of 
Mg**, 450 umoles of phosphate buffer (pH 7.6). 300 zmoles of nico- 
tinamide, 0.044 umole of biosynthetic HMG-2-C*-CoA (6000 
¢.p.m.), and 100 umoles of pL-mevalonic acid. Final volume was 
17 ml and incubation time was 2 hours at 25°. After the incuba- 
tion, 200 uzmoles of pt-mevalonic acid were added as carrier. 

















Re- Added 
Experiment aoosgie| ema cae 
date recovered 
total c.p.m. % 
1 
NS cs ahh Og i get 5300 94 
Same + pi-mevaldate (600 uwmoles)...| 3870 126 100 
2 
Cee eee ee, ee a 2840 
Same + pi-mevaldate (67 umoles)....| 2220 38 





CoA, it became of interest to determine whether any C™ entered 
a pool of mevaldic acid during the reduction of HMG-C-CoA. 
put-Mevaldic acid, 600 umoles, was incubated with pt-HMG-2- 
C-CoA, 0.34 umole. After 20 minutes the level of radioactivity 
in mevalonate and the reisolated mevaldic acid (as 2,4-dini- 
trophenylhydrazone derivative) was determined. Substrate 
amounts of TPNH were added, and measurement of the initial 
and final concentration of TPNH showed that only 10% of the 
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TPNH was oxidized in the flask containing mevaldate. It js 
evident from the data presented in Table VI (Experiment 1) 
that the reisolated pool of mevaldic acid had barely detectable 
radioactivity. This is based on an activity of 2 counts above 
background. The fact that the recovered pool of pi-mevaldic 
acid (600 umoles) contained only 126 c.p.m., under conditions 
where 3870 c.p.m. (0.0075 umole) from HMG-CoA were incor- 


porated into mevalonate, demonstrates that free mevaldic acid | 


is not an intermediate in the reduction of HMG-CoA to mey- 
alonate. The decrease in radioactivity found in mevalonate 
when mevaldate was added was due to inhibition of the enzyme 
since almost all of the radioactivity missing could be accounted 
for in the HMG-CoA which remained. It is concluded that 
free mevaldic acid is not the intermediate in the reduction of 
HMG-CoA to mevalonic acid. 

It has long been known that thiols react with aldehydes to 
form thiohemiacetals (23) as shown below (Reaction 3). 


) OH 
r—CH + R,—SH > R—C-S-Ri (8) 


The possibility was considered that the intermediate might be 
mevaldic thiohemiacetal. Incubation of labeled HMG-CoA 
with unlabeled mevaldic acid and CoA (Table VII) resulted in 
a significant depression of C™ incorporation into mevalonate. 
However, there was a severe inhibition of the reduction by CoA 
alone which precluded a definitive conclusion on the role of 
mevaldic thiohemiacetal in the reduction of HMG-CoA to mev- 
alonate. It is shown in Table VII (Experiment 2) that most of 
the HMG-CoA was not utilized in the presence of CoA. It is of 
interest that pantetheine did not inhibit the reduction. In fact, 
pantetheine acts as a protective thiol. 


TaBLe VII 
Inhibition of HMG-CoA reductase by coenzyme A 


Experiment 1. The control contained 50 umoles of glucose 
6-phosphate, 4.5 umoles of TPN, 75 umoles of Mg**, 300 umoles of 
potassium phosphate buffer (pH 7.6), 0.09 umole of biosynthetic 
HMG-2-C"*-CoA (11,760 c.p.m.), 100 wmoles of pi-mevalonate, 
and 120 mg of protein. Incubation time was 30 minutes at 20°. 
The final volume was 6.0 ml. Mevalonate was isolated by chro- 
matography on Celite. 

Experiment 2. The control contained 200 umoles of glucose 
6-phosphate, 7.5 uzmoles of TPN, 50 uymoles of Mg*tt, 300 umoles of 
nicotinamide, 100 umoles of pi-mevalonate, 0.045 umole of bio- 
synthetic HMG-2-C'*-CoA (6900 c.p.m.), 48 mg of protein (spe- 
cific activity = 0.1), and 150 zmoles of phosphate buffer (pH 7.6). 
The final volume was 17 ml and the incubation time 1 hour at 23°. 
At the end of the incubation, 100 umoles of pt-mevalonate were 
added before the isolation. 








Experiment Mevalonate /|Recovered HMG 
total c.p.m. 
1 
MIE NS gos oe ror no he te 4140 
Same + CoA (5 uwmoles)............ 306 
Same + mevaldate (77 umoles)..... 3004 
Same + mevaldate (77 umoles) + 
en ee Se ee eee 125 
2 
ERE NN eee ae ee re 4005 550 
Same + CoA (4 wmoles)............ 1156 4150 
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Irreversibility of Reduction—Several lines of evidence strongly 
indicated that the over-all reduction of HMG-CoA was an irre- 
versible reaction. There was no incorporation of C“ into HMG- 
CoA when 8 X 10-5 m pt-mevalonic acid-2-C™ was incubated in 
the presence of 8.4 x 10-*m TPN, 1.6 x 10-‘ m oxidized gluta- 
thione, 55 mg of enzyme, and unlabeled HMG-CoA (3.2 x 10-5 
m) asa pool. Furthermore, if the reduction of HMG-CoA were 
reversible, then TPNH should be generated in the presence of 
mevalonic acid and could be linked with reduction of oxidized 
glutathione. The mevalonate-dependent reduction of oxidized 
glutathione (Reaction 6) thus would be a measure of the reversi- 
bility of HMG-CoA reduction. The yeast preparations used 
contained a very active glutathione reductase as determined by 
GSSG-dependent TPNH oxidation and thiol liberation. 


Mevalonate + TPN+ — mevaldate + TPNH + H* (4) 


GSSG + TPNH + Ht — 2 GSH + TPN+ (5) 
Sum: Mevalonate + GSSG — mevaldate + 2 GSH (6) 





Incubation of mevalonate, oxidized glutathione, and TPN 
failed to show a net production of reduced glutathione. Further- 
more, spectrophotometric assay at 340 mp indicated no TPNH 
production in the presence of mevalonate. Addition of catalytic 
amounts of CoA and ATP did not stimulate the oxidation of 
mevalonate. It is therefore concluded that the biosynthesis of 
mevalonate from HMG-CoA is an irreversible process. 

Substrate Specificity—Since preparations of HMG-CoA contain 
small amounts of glutathione and since glutathione can act as a 
protective thiol, the possibility arose that there was acy] transfer 


, from HMG-CoA to glutathione and then reduction of the HMG- 


glutathione. When HMG-glutathione was prepared and tested 
in the reductase system it was found to be completely inactive. 
The addition of catalytic amounts of CoA produced no effect. 
Thus it appears that the reductase shows a specificity for HMG- 


' CoA and a thiol transfer to glutathione is not involved. To 


determine whether HMG-CoA reductase catalyzes an acy] trans- 
fer from CoA esters to inorganic phosphate in analogy to phos- 
photransacetylase (24), arsenate was used as an acyl acceptor. 
If such a phosphotransacylation occurred, HMG-1-phosphate 
would normally be formed, and replacement of the phosphate 
with arsenate would result in the formation of HMG-1-arsenate. 
Spontaneous arsenolysis of the HMG-1-arsenate would yield free 
HMG, and since free HMG is not enzymatically reduced to 
mevalonate (11), there would be inhibition of the reduction. It 
was found that arsenate in the presence or absence of inorganic 
phosphate did not inhibit the reduction of HMG-CoA, thereby 
suggesting that a phosphotransacylation reaction is not involved 
in the reduction. This fact is further borne out by the observa- 
tion that the reduction takes place equally well in Tris or phos- 
phate buffers when well dialyzed preparations are used. 


DISCUSSION 


The data presented in this paper provide evidence for the 
biosynthesis of mevalonic acid from HMG-CoA. A sequence of 
reactions from acetate to mevalonate which is involved in the 
biosynthesis of sterols and terpenes is thereby completed as 
shown in Reactions 1 and 2. For every mole of HMG-CoA 
reduced, 1 mole of mevalonic acid is formed, 2 moles of TPNH 
are oxidized, and 1 mole of CoA is released. 

There are several points of interest in this reaction. The first 
is the irreversibility of the reduction, and the second is the fact 
that free mevaldate does not appear to be an intermediate. The 
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irreversibility of the reduction was already indicated by the 
experiments of Popjak (25) wherein it was shown that C-labeled 
mevalonic acid, when administered to animals, did not appear 
to incorporate any radioactivity in the fatty acids. In addition, 
the experiments of Rilling and Bloch (26) with deuterium-labeled 
mevalonic acid showed that deuterium was not lost from C-5 
during the incorporation into squalene, thereby excluding oxida- 
tion of the mevalonic acid. The irreversibility is to be expected 
in view of the fact that the loss of free energy in the reductive 
cleavage of the thiol-ester bond probably is about 8200 calories 
(5). The unidirectional flow of HMG-CoA to mevalonate sug- 
gests this reaction may be of prime importance in the regulation 
of cholesterol synthesis from HMG-CoA in liver, and some evi- 
dence supporting this view has appeared (27). Porter et al. 
(28, 29) also have demonstrated the formation of mevalonic acid 
from acetate in rat liver. We have observed in yeast that under 
optimal conditions as much as 80% of the HMG-CoA is con- 
verted to squalene. The fact that the free aldehyde, mevaldic 
acid, is not an intermediate in the reaction of HMG-CoA to 
mevalonic acid raises the possibility that enzyme-bound mevaldic 
acid or its thiohemiacetal are intermediates but this remains to 
be established. The two-step reduction is apparently catalyzed 
by one enzyme. Attempts to demonstrate the presence of two 
enzymes have not been successful. Several two-step reactions 
are assumed to be catalyzed by one enzyme, and such reactions 
apparently proceed through enzyme bound intermediates (30- 
32). 

Lynen et al. (33) have reported the purification of two enzymes 
from yeast which reversibly reduce HMG-CoA to mevalonic acid 
with the intermediate formation of free mevaldic acid. The 
CoA-dependent oxidation of mevaldic acid to HMG-CoA would 
then be analogous to oxidation of acetaldehyde to acetyl-CoA 
in C. kluyvert (34). The results reported in this paper do not 
agree with the earlier findings of Lynen et al. (33). However, 
the recent report by Knappe et al. (13) indicates that a 350-fold 
purification of a yeast preparation failed to show the presence 
of two enzymes, and that such a preparation catalyzes the reduc- 
tion of HMG-CoA to mevalonic acid without the intermediate 
formation of free mevaldic acid. The relationship of the path- 
way for HMG-CoA reduction as described here and by Knappe 
et al. (13) and that reported earlier by Lynen et al. (33) remains 
to be clarified. 

It should be emphasized that although free mevaldic acid is 
not an intermediate in the reduction of HMG-CoA to mev- 
alonate, the conversion of mevaldic acid to mevalonic acid can 
still occur through a side reaction. For example, we have ob- 
served a TPNH-dependent reduction of mevaldic acid in certain 
yeast preparations, and Johnston (35) has reported the presence 
of DPN-dependent mevalonic dehydrogenase from yeast. The 
products of the reactions were not established in either case. It 
also should be noted that the role of mevaldate in mammalian 
systems has not been clearly established as yet. Schlesinger 
(36) has reported a DPNH-dependent mevaldate reductase 
yielding mevalonic acid which may explain the early reports of 
Wright et al. (37) on the biosynthesis of mevalonic acid from 
mevaldic acid, and also the finding of Shunk ef al. (38) that 
unlabeled mevaldic acid depressed the incorporation of labeled 
acetate into cholesterol. 

Of further interest is the fact that the enzyme requires the 
presence of thiol compounds for activity but large amounts of 
CoA inhibit the reaction. The significance of these findings 
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remains to be studied. There is apparently no transfer to gluta- 
thione since HMG-glutathione is inactive. In addition there 
does not appear to be a transfer to phosphate nor could any 
evidence for the participation of thioctic acid be found. 

In the recent report by Knappe et al. (13), the name 8-hydroxy- 
8-methylglutary] reductase is given to the enzyme catalyzing the 
reduction of HMG-CoA to mevalonic acid rather than 8-hydroxy- 
8-methylglutaryl-CoA reductase, as it was formerly called by 
Lynen et al. (27). The basis for the change appeared to be the 
convention adopted by participants in the International Congress 
in Biochemical Problems of Lipids (39). We propose that the 
word CoA be retained in naming the enzyme because it catalyzes 
a reductive cleavage of the acyl-thiol-ester bond itself in con- 
trast to the reduction of a,8-carbons in fatty acid metabolism. 
Use of the name HMG-CoA reductase appears to be more descrip- 
tive of the actual reaction catalyzed. 


SUMMARY 


The reduction of B-hydroxy-8-methylglutary] coenzyme A to 
mevalonic acid in yeast is apparently catalyzed by a single en- 
zyme, 6-hydroxy-8-methylglutaryl coenzyme A reductase. The 
enzyme contains sulfhydryl groups essential for catalytic activity 
as indicated by the severe inhibitory effect of p-hydroxymercuri- 
benzoate, and the requirement of added thiols to maintain 
activity of the purified enzyme. For every mole of B-hydroxy-8- 
methylglutaryl coenzyme A reduced, one mole of mevalonate is 
formed, two moles of reduced triphosphopyridine nucleotide are 
oxidized, and one mole of coenzyme A is released. The reduc- 
tion of 6-hydroxy-8-methylglutaryl coenzyme A has been shown 
to occur on the thiol-esterified carboxyl group. The free alde- 
hyde, mevaldic acid, is not an intermediate in the reaction. The 
biosynthesis of mevalonic acid from 8-hydroxy-8-methylglutary] 
coenzyme A is an irreversible process, and is not stimulated by 
Mg?**, adenosine 5’-triphosphate, or inorganic phosphate. £- 
hydroxy-8-methylglutaryl glutathione is not formed as an 
intermediate step. Arsenate does not inhibit the reaction, 
whereas arsenite at relatively high concentration causes about 
25% inhibition. Free coenzyme A inhibits the reduction of 
B-hydroxy-8-methylglutaryl coenzyme A to mevalonic acid. 
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It has been reported that acetate-C™ incubated with human 
whole blood in vitro is incorporated into lipids (2, 3). Whole 
blood is a mixture of varying cellular elements with known 
differences in their morphological and biochemical characteristics. 
Thus, leukocytes are nucleated cells capable of incorporating 
precursors into proteins, deoxyribonucleic acid, and ribonucleic 
acid (cf. 4-6). Platelets appear to be fragments of the cyto- 
plasms of megakaryocytes with biochemical and morphological 
evidence that they may contain mitochondria and microsomes 
(7). Mature, nonnucleated erythrocytes have no demonstrable 
mitochondria, nucleic acids, protein synthesis, or tricarboxylic 
acid cycle activity (8). These differences in biochemical poten- 
tial suggest that the different types of blood cells might also vary 
in their capacity to synthesize lipids. 

The present study demonstrates that normal human leuko- 
cytes and platelets incorporate acetate-1-C™ into triglycerides 
and phospholipids, and transfer these lipids into plasma lipids. 
On the other hand, human erythrocyte lipid synthesis is very 
limited and probably occurs only in the youngest circulating 
cells. 


EXPERIMENTAL PROCEDURE 


The studies on lipid synthesis were performed on the blood of 
16 adults in good health and 2 patients with chronic hemolytic 
anemias of undetermined etiology. The subjects in good health 
had normal values for red blood cell, reticulocyte, white blood 
cell, and platelet counts, and for hemoglobin concentration. 
The patients with the chronic hemolytic anemia had red cell 
populations of which 74% (in Subject A.C.) and 83% (in Sub- 
ject A.S.) were reticulocytes. 

Incubation Procedure—Venous blood was drawn into siliconized 
syringes which contained, as an anticoagulant, 1 ml of 5% 
Versene (ethylenediaminetetraacetate) in 0.9% sodium chloride 
for each 10 ml of whole blood. Warburg-type flasks were used 
as incubation vessels. To each flask was added whole blood, 
0.1 ml of 0.1 m glucose per ml of whole blood, and acetate-1-C"*, 
together with nonisotopically labeled acetate in amounts indi- 
cated in the text. The glucose and acetate solutions were placed 
in the side arm. The center well of each flask contained 0.2 ml 
of 2 n sodium hydroxide. After aeration with 100% oxygen,! 


= 


4 * This work was supported in part by Grant CY-2332 of the Na- 
tional Cancer Institute, United States Public Health Service. 
: +A preliminary report of these data has appeared in abstract 
orm (1). 

t Present address, Baker Institute for Medical Research, Al- 
fred Hospital, Melbourne, Australia. 

‘In preliminary experiments, a comparison was made between 
aeration with 100% oxygen and incubation of the vessels with air 
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the contents of the side arm were tipped into the main chamber 
and the flasks were incubated at 37° for 24 hours, unless other- 
wise stated in the text. 

Separation of Cells and Plasma—aAfter incubation, leukocytes, 
erythrocytes, platelets, and plasma were separated by a modifi- 
cation of a flotation method (9). Siliconized glassware was used 
for this entire procedure. Whole blood was added to 1.2 vol- 
umes of a solution of 3% dextran (Larco, grade HH, mol. wt. 
about 225,000) and 3% glucose in 0.9% sodium chloride and 
mixed well by inversion. Cells were permitted to sediment at 
4° for 30 to 45 minutes. The plasma, containing the leukocytes 
and platelets, was separated from the sedimented erythrocytes 
with a pipette. The leukocytes were recovered from the plasma 
by centrifugation at 800 x g for 10 minutes. The supernatant 
fluid was recentrifuged at 1000 x g for 10 minutes and the 
sediment containing a mixture of leukocytes and platelets was 
discarded. The resultant supernatant fluid was removed and 
centrifuged a third time at 3000 x g for 20 minutes to recover 
the platelets. The red blood cells were further prepared by 
centrifugation at 800 x g for 10 minutes and the supernatant 
solution removed. The separated erythrocyte, leukocyte, and 
platelet samples were resuspended in 0.15 m sodium chloride 
solution. Aliquots of each of these samples and of the plasma 
were taken for determination of the concentration of the various 
cellular elements. 

In experiments designed to study lipid synthesis in leukocytes, 
erythrocytes, or platelets, separated from whole blood before 
incubation, the cell fractions were prepared by the above tech- 
nique, and resuspended in a volume of plasma such that the 
concentration of the particular cell fraction approximated that of 
whole blood. The resuspended cells were then incubated as in- 
dicated above. The procedure for separation of cells and plasma 
generally yielded leukocytes contaminated with fewer than 5 red 
blood cells per 1 white blood cell, erythrocytes contaminated 
with less than 1 white blood cell per 10,000 red blood cells, and 
platelets which contained, generally, no detectable erythrocytes 
or leukocytes. Platelet contamination of the leukocytes aver- 
aged 10 platelets per 1 white blood cell. 

Extraction and Separation of Lipids—Lipids were extracted 
from erythrocytes, leukocytes, platelets, and plasma by the 
method of Folch et al. (10). Per ml of leukocytes, erythrocytes, 
or platelets, 0.5 g of urea and 1.2 g of Celite were added before 
homogenization. The cells and plasma were homogenized in a 





as the atmosphere. No apparent differences were noted with re- 
spect to the radioactivity incorporated into leukocyte lipids orinto 
erythrocyte lipids whether 100% oxygen or air was employed as 
the atmosphere in the incubation vessel. 
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multimixer with 20 volumes of 2:1 chloroform-methanol mixture 
for each volume of cells or plasma. The homogenates were 

filtered through fat-free filter paper and the lipid extracts were 

washed with 0.04% calcium chloride solution until the wash 

contained no detectable radioactivity. This generally required 

five washings. After the final washing, the lipid extracts were 

cleared with methanol, evaporated to dryness under nitrogen, 

and taken up to volume in petroleum ether (b.p. 30-60°). 

In the initial studies, the mixed lipid extract was separated 
into three major fractions of fatty acid esters by the method of 
Hirsch and Ahrens (11). In confirmation of the observations 
of these authors, it was found that, by this silicic acid column 
chromatographic method, Fraction I contained cholesterol es- 
ters, Fraction II, triglycerides, and Fraction III, phospholipids. 
It was shown by Hirsch and Ahrens that Fraction II also con- 
tained free cholesterol and nonesterified fatty acids as well as 
diglycerides and monoglycerides. 

Fraction I was found to contain less than 5% of the total ra- 
dioactivity incorporated into the mixed lipids of cells or plasma. 
For this reason, in the majority of the experiments, a simpli- 
fied method suggested by Eder? was employed which achieves 
a separation of phospholipids from neutral lipids. In this pro- 
cedure, the mixture of lipids to be separated was dissolved in 25 
ml of anhydrous ether. For amounts up to 50 mg of phospho- 
lipids, 1 g of silicic acid (Bio-Rad Laboratories, specifically pre- 
pared for chromatography of lipids) was added, and the mixture 
stirred for 15 minutes and then centrifuged. The supernatant 
fluid was removed and this washing procedure repeated three 
times with 25 ml of ethyl ether. The combined ethyl ether 
washes were taken to dryness under nitrogen and redissolved in 
petroleum ether (b.p. 30-60°) for subsequent determination of 
the specific radioactivity of the lipids. The phospholipids on the 
silicic acid were then recovered by washing three times with 25 
ml of methanol. The combined methanol washes were evapo- 
rated to dryness under nitrogen and then made up to volume 
with methanol for subsequent analysis of phosphorus content 
and radioactivity. 

Total mixed lipids, triglycerides, and neutral lipids were 
determined gravimetrically. Phosphorus determinations were 
performed by the method of Fiske and SubbaRow (12) modified 
by Horecker et al. (13). The radioactivity of the lipids was as- 
sayed in a liquid scintillation spectrometer employing toluene 
containing 0.3% 2,5-diphenyloxazole and 0.03% 2,2’-p-phenyl- 
ene-bis-(5-phenyloxazole) as a solvent-phosphor system. Ra- 
dioactivity was measured in this system with an absolute effi- 
ciency of 75% and a background of 30 c.p.m. 

A comparison was made of the separation of mixed lipids into 
fractions of fatty acid esters achieved by the silicic acid chro- 
matographic method of Hirsch and Ahrens and by the simplified 
silicic acid procedure of Eder. Separation of mixed lipids ex- 
tracted from erythrocytes, leukocytes, and plasma by these two 
procedures yielded comparable results with respect to the re- 
covery of added lipid and the separation of neutral lipids and 
phospholipids. In addition, determinations were made of the 
recovery of C-tripalmitate added to mixtures of lipids separated 
by the two methods. In each instance, more than 94% of the 
added radioactivity was recovered and less than 1% appeared in 
Fractions I or III obtained by the Hirsch and Ahrens method, or 
in the methanol washes of the simplified procedure. 


?H. A. Eder, personal communication. 
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RESULTS 


Lipid Synthesis in Leukocytes and Erythrocytes—The rate of 
acetate-1-C™ incorporation into mixed lipids of normal leuko- 
cytes, on a per cell basis, is at least 1000-fold the incorporation 
into lipids of erythrocytes (Table I). The erythrocyte samples 
prepared from whole blood of normal subjects were contaminated 
with as little as 1 leukocyte per 10,000 red cells. Nevertheless, 
the radioactivity incorporated into leukocyte lipids was so much 
greater than into the erythrocyte lipids, that it is likely that a 
significant portion of the isotope detected in lipids extracted 
from the red cell samples reflects the newly formed lipids of 
contaminating white cells. If the radioactivity in the lipids of 
the red cell samples is corrected for the isotope content of the 
lipids in the leukocytes contaminating the erythrocytes, an 
average of 71 % of the apparently newly synthesized red cell lipids 
is attributable to leukocyte lipid synthesis (Table I). 

The data summarized in Table I were studies performed with 
0.004 m sodium acetate in the incubation medium. As indicated 
in Fig. 1, increasing the concentrations of acetate in the incu- 
bation medium to 0.02 m was associated with a greater amount of 
incorporation of acetate into leukocyte lipids. However, there 
was no detectable increase in erythrocyte lipid synthesis at the 
higher acetate concentrations. 

Experiments were performed with whole blood which was 
defibrinated by gentle agitation with glass beads for 10 minutes 
to prevent the blood from clotting. In these studies, there was 
essentially no acetate-1-C™ incorporated into red cell lipids. 
This indicates that Versene routinely employed as the anti- 
coagulant did not account for the lack of red cell lipid synthesis. 

In view of the very limited rate of lipid synthesis in normal 
mature red cell populations, in subsequent studies of leukocyte 
and platelet lipid synthesis, isotope incorporation into lipids of 
erythrocytes was not determined. 

Lipid Synthesis in Platelets—The rate of incorporation of 


TABLE [ 


Incorporation of acetate-1-C'* into mized lipids of 
leukocytes and erythrocytes of normal subjects* 





|Contamination® 


(WBC/RBC) 


Erythrocytes Leukocytes 


| me X 10-4/1010 cells | po X 1078/10 cells | % radioactivity 
0-0 .47 250-730 | 25-100 
0.17 | 510 | 71 





Range of values®. 
MO ecaeazec sh | 





@ To 20 ml of whole blood in a 125-ml Warburg-type flask were 
added 0.1 ml of 0.8 m sodium acetate, 2.1 ue of acetate-1-C™, and 
0.2 ml of 1.0 m glucose. These additions were not adjusted for 
the concentration of glucose initially present in the whole blood. 
Incubation was carried out for 24 hours at 37°. The concentration 
of sodium acetate in the incubation medium in these experiments 
was one-fifth that employed for studies summarized in subsequent 
tables. This lower concentration of unlabeled acetate accounts 
for the higher specific activities in the leukocyte lipids observed 
in these experiments compared to those summarized in Table 
Il. 

’ Contamination refers to the percentage of the total radio- 
activity in the erythrocyte sample attributable to the leukocytes 
in that fraction. This percentage was calculated on the basis of 
the number of leukocytes in the red cell samples and the specific 
activity of the lipids extracted from the separated leukocytes. 

¢ The range and mean values of 9 studies. 
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ACETATE CONCENTRATION(M) 


Fic. 1. Incorporation of acetate-1-C" into mixed lipids of leu- 
kocytes under conditions of varying concentration of sodium ace- 
tate in the incubation medium. Save for variation in sodium ace- 
tate concentration, the incubation procedure was as described in 
Footnote a, Table I. The calculation of the milligrams of acetate 
incorporated into the mixed lipids is based on the initial specific 
activity of the acetate in the incubation medium and the total 
radioactivity incorporated into the lipids of leukocytes. In this 
calculation, the assumption is made that the incorporation of 
acetate-1-C™ is proportional to the total acetate incorporated. 


acetate-1-C™ into the mixed lipids of normal leukocytes, on a 
per cell basis, averaged 80 times greater than that into the 
platelet lipids (Table II). In whole blood, the ratio of the plate- 
let counts to white cell counts had a mean value of 30. Thus, 
per volume of whole blood, the radioactivity incorporated into 
leukocyte lipids was only about 2- to 3-fold greater than that in 
platelet lipids. It should be noted that the range of rates of lipid 
synthesis by platelets was greater than that in leukocytes. 

In the platelet fractions, an average of only 5% of the ra- 
dioactivity incorporated into the mixed lipids could be at- 
tributed to leukocytes contaminating this fraction. On the 
other hand, platelet contamination of the leukocyte fraction 
could account for, on the average, 18% of the radioactivity of 
the mixed lipids of the white cell samples (Table IT). 

Lipid Exchange with Plasma—No isotope incorporation into 
plasma lipids was detectable after incubation of cell-free plasma 
with acetate-1-C“%. The isotope incorporated into the lipids 
during incubation of whole blood with acetate-1-C™ rapidly ap- 
peared in the plasma lipids. Thus, of the total radioactivity 
incorporated into mixed lipids by the cells, more than 50% was 
recovered in the plasma lipids. Nevertheless, the specific activi- 
ties of the leukocyte and platelet mixed lipids, neutral lipids, and 
phospholipids exceeded that of the comparable plasma lipid frac- 
tions during a 4-hour period of incubation (Fig. 2). Comparable 
results were obtained when leukocytes or platelets, separated 





from other cellular elements, were incubated with plasma and 


i -1-(\“ 
1 radio Acetate 1-C%, 


At the completion of the 23-hour period of incubation, of the 
total counts incorporated into the mixed lipids of whole blood, 
without correction for contamination of one cell type by another, 
about 5% was found in the erythrocyte fraction, about 15% in 
the platelet fraction, about 25% in the leukocyte fraction, and 
about 55% in the plasma. 
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TaBLe II 


Incorporation of acetate-1-C'* into mized lipids of 
platelets and leukocytes of normal subjects* 























| Contamination? 

| Platelets Leukocytes 

| Pits/WBC | WBC/Pits 

—ntequppendl 

| we X 10-/100 cells | we X 10-2/10 cells % radioactivity 

Range of 
values¢. .| 0.31-2.80 60-147 2-38 0-20 

Mean......| 1.20 95 18 5 





* Incubation procedure as in Footnote a of Table I, save that 
0.25 ml of 1.6 m sodium acetate was added to 20 ml of whole blood. 

> Under the column Pits/WBC, the figures for contamination 
refer to the maximal percentage of the total radioactivity in the 
leukocyte (WBC) sample which could be attributable to the plate- 
lets (Plts) in that fraction. This percentage was calculated on 
the basis of the number of platelets in the leukocyte sample and 
the specific activity of lipids extracted from the separated plate- 
lets, not taking into account the leukocyte contamination of the 
platelet fraction. Under the column WBC/Plts, the figures for 
contamination refer to the maximal percentage of the total radio- 
activity in the platelet sample which could be attributable to the 
leukocytes in that fraction. This percentage was calculated on 
the basis of the number of leukocytes in the platelet sample and 
the specific activity of lipids extracted from the separated leuko- 
cytes, not taking into account the platelet contamination of the 
leukocyte fraction. 

¢ The range and mean values of 10 studies. 
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Fic. 2. The incorporation of acetate-1-C™ into mixed lipids, 
neutral lipids, and phospholipids of leukocytes and plasma. The 
mixed lipids are indicated in the graph on the left, the neutral 
lipids in the middle graph, and the phospholipids in the graph on 
the right. It is to be noted that the specific activities of the mixed 
lipids and of the neutral lipids are expressed as wc X 10-* per mg 
of lipid, whereas that of the phospholipids is expressed as we X 
10-* per wg of P in the phospholipids. The incubation procedure 
was as described in Footnote a, Table I, save that 0.2 ml of 0.8 
M sodium acetate was added to the incubation mixture. 


Neutral Lipid and Phospholipid Synthesis—In the initial stud- 
ies, cholesterol esters were separated from the lipids of leukocytes 
and plasma and found to contain less than 5% of the total ra- 
dioactivity incorporated into the mixed lipids. In subsequent 
experiments, the mixed lipids were separated into only two com- 
ponents, neutral lipids and phospholipids. The isotope content 
of the neutral lipids of leukocytes and, to a somewhat lesser ex- 
tent, of platelets exceeded that of the phospholipids (Table III). 
A similar pattern of isotope incorporation in neutral lipids and 
phospholipids was found in the studies with leukocytes and plate- 
lets separated before incubation. In plasma lipids, an even 
greater proportion of the radioactivity, an average of 89%, was 
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present in the neutral lipid fraction (Table III). Similar findings 
were obtained for the distribution of isotope in the lipid fraction 
of plasma incubated with the separated leukocytes or platelets. 

Lipid Synthesis in Leukocytes and Platelets Separated before In- 
cubation—Both leukocytes and platelets, separated from whole 
blood by the method of dextran flotation and then resuspended 
in plasma and incubated with acetate-1-C“, incorporated 
isotope into lipids. The separation of leukocytes before incuba- 
tion was, however, associated with an 80% decrease in the rate 
of lipid synthesis, compared to that of leukocytes separated from 
whole blood subsequent to incubation (Table IV). In contrast 
to leukocytes, platelets separated before or after incubation 
synthesized lipids at approximately the same rate (Table IV). 

Lipid Synthesis in Reticulocytes—Although lipid synthesis is 
very limited in mature erythrocytes, if it occurs at all, previous 
observations suggested that young red cells do synthesize lipids 
(14). In the present study, a significant rate of incorporation 
of acetate-1-C™ into erythrocyte lipids has been observed in blood 
with red cell populations of which 74 and 83% were reticulocytes 
(Table V). 

To evaluate lipid synthesis further in young circulating red 
cells, the populations of erythrocytes with high reticulocyte per- 
centages were separated into fractions of relatively younger and 


TaBLeE III 


Incorporation of acetate-1-C'* into neutral lipids and 
phospholipids of leukocytes, platelets, and plasma* 








Leukocytes Platelets Plasma 
Neutral |Phospho-| Neutral |Phospho-| Neutral + a 
lipids lipids lipids lipids lipids ipids 





% total activity’ | % total activity | % total activity 
Range of values*...| 65-75 | 25-35 | 44-76 | 24-56 | 79-94 | 6-21 
(RES he 69 31 58 42 89 ll 























* Incubation procedure as in Footnote a, Table II. 

> Values are expressed as percentage of the total radioactivity 
incorporated into the mixed lipids. 

¢ The range and mean values are based on 7 studies. 


TaBLe IV 


Leukocyte and platelet lipid synthesis: effect of 
separation of cells before incubation 





Leukocytes Platelets 





Preseparated* | Postseparated® | Preseparated | Postseparated 





uc X 10-*/10'° cells uc X 10-*/10"* cells 


Mixed lipids 22 130 2.5 2.3 
Neutral lipids 14 82 1.4 1.3 
Phospholipids 8 48 1.1 1.0 











* Indicates that leukocytes and platelets were separated from 
whole blood, resuspended in cell-free plasma, and then incubated. 
The incubation media contained 20 ml of plasma in which leuko- 
cytes or platelets were resuspended in a concentration similar to 
that of whole blood. To this suspension were added 0.25 ml of 
1.6 m sodium acetate, 2.0 uc of acetate-1-C™, and 0.2 ml of 1.0m 
glucose in a 125-ml Warburg-type flask. Incubation was for 2} 
hours at 37°. 

+ Indicates leukocytes recovered from whole blood incubated 
as indicated in Footnote a, Table II, 
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TABLE V 
Incorporation of acetate-1-C'* into lipids of reticulocytes* 




















Subject | Fraction | W.E.P Younger Older 
| | 
L.C. | Reticulocyte count (%)* | 74 95 6 
Mixed lipids (ue X 10-?/ | 0.96 3.5 0.37 
10” RBC) 
Neutral lipids (%)4 | 48 50 61 
Phospholipids (%) | 52 50 39 
AS. | Reticulocyte count (%) 83 94 35 
| Mixed lipids (ue X 10-3/ | 6.5 7.9 3.3 
10° RBC) | 
Neutral lipids (%) | 53 51 47 
| Phospholipids (%) | 47 49 53 





* Incubation procedure as in Footnote a, Table I. 

> W.E.P.—Whole erythrocyte population. ‘‘Younger’’ and 
“‘older’”’ refer to the upper and lower fractions of erythrocytes 
separated by a method of centrifugation which has previously 
been described in detail (15). 

¢ Reticulocytes are immature erythrocytes. The distribution 
of reticulocytes in the ‘‘younger’’ and ‘‘older’’ red cell fractions 
is a reflection of the effectiveness of the centrifugation procedure 
(15). 

¢The radioactivities of the neutral lipid and phospholipid 
fractions are expressed as percentages of the radioactivity in the 
mixed lipids. 


older cells by centrifugation. This method (15) is based on the 
fact that young red cells are less dense than older erythrocytes. 
The level of isotope incorporated into the lipids of the younger 
cell fraction was, in the study in which the better separation was 
achieved (Subject L.C.), 10-fold greater than that in the older 
cells. Nevertheless, the rate of lipid synthesis even in this young 
red cell population containing 95% reticulocytes was less than 
2% of that of the average leukocyte population (Table I). 


DISCUSSION 


The study indicates that lipid synthesis in human whole blood 
occurs in leukocytes and platelets. The rate of lipid synthesis, 
on a cell basis, is approximately 70-fold greater in leukocytes 
than in platelets. However, owing to the greater number of 
platelets in a volume of whole blood, 25 to 35% of the total lipid 
synthesis in whole blood may be attributable to platelets.’ 

It has been demonstrated that lipid synthesis proceeds in 
reticulocytes and, perhaps, young circulating erythrocytes, but 
not in mature red cells. It is noteworthy that as red cells age in 
vivo, they lose the capacity to synthesize lipids. This may be 
correlated with the loss of tricarboxylic acid cycle activity (20) 
and diminished capacity for reduced pyridine nucleotide gener- 
ation (21, 22). It has also been reported (23) that the lipid con- 
tent of red cells decreases with aging. The diminution in lipid 
content may reflect the inability of erythrocytes to replace the 
lipid of the cell membrane. 

Altman and Swisher (2), James et al. (3), and Rowe (24) ob- 


* To permit estimation of the relative lipid-synthesizing capaci- 
ties of normal human leukocytes, platelets, and erythrocytes, the 
following figures are useful. Bird et al. (16) found that 10*° leuko- 
cytes weigh 1.960 g dry weight and that dry weight of leukocytes 
is 18% of wet weight (17). Maupin (18) reports that 10" platelets 
weigh 28 mg dry weight and that dry weight of platelets is 12.5% 
of wet weight. On the basis of the data of Williams et al. (19), 
10° red cells weigh 330 mg and the dry weight of red cells is 35% 
of wet weight. 
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tained evidence which they interpreted as indicating that non- 
nucleated red cells actively synthesize lipids. These findings 
are attributable to the fact that in these earlier studies, the 
contribution to lipid synthesis by leukocytes and platelets con- 
taminating the erythrocyte samples was not adequately eval- 
uated. The present observation that normal leukocytes actively 
synthesize lipids is in accord with several recent communications 
(25-27), including one by Rowe et al. (28). O’Donnell et al. 
(29) reported that whereas rabbit reticulocytes possessed the 
ability to synthesize lipids, normal human leukocytes did not 
incorporate acetate-C™ into lipids. The failure, in these latter 
studies, to observe lipid synthesis in normal leukocytes may be 
attributable, in part at least, to the preparative methods em- 
ployed to obtain leukocytes for subsequent incubation. As has 
been shown in the present study, lipid synthesis in leukocytes 
may be markedly depressed by techniques employed to separate 
white cells from whole blood. 

Isotope incorporated into lipids of leukocytes and platelets 
appeared rapidly in plasma lipids. This finding is in general 
agreement with that of James et al. (30), who demonstrated that 
plasma lipids rapidly became labeled during incubation of whole 
blood with acetate-1-C“. In the present study, the specific 
activity of plasma neutral lipids rose more rapidly than that of 
the plasma phospholipids. However, the specific activities of 
the cell lipids exceeded that of the plasma lipids for the 4 hours 
of incubation. These findings suggest that the triglycerides ex- 
changed more rapidly than the phospholipids, though equilib- 
rium between cells and plasma was not achieved for either lipid 
conponent during the period of observation. 

The present investigation demonstrates that human blood 
cells vary considerably in their capacity for lipid synthesis. The 
blood cells provide a very suitable model for the study of lipid 
metabolism, permitting a correlation between biochemical and 
morphological characteristics in normal and pathological cells. 


SUMMARY 


Lipid synthesis in human blood cells has been studied by in- 
cubation of whole blood with acetate-1-C. The leukocytes, 
platelets, erythrocytes, and plasma were replaced by the dextran 
flotation method. Mixed lipids were extracted from each of 
these fractions and separated into neutral lipids and phospho- 


| lipids, and assayed for radioactivity. Acetate-1-C™ was in- 


corporated into lipids of human blood by leukocytes and platelets, 
but only to a very limited extent, if at all, in mature erythrocytes. 
On a per cell basis, leukocytes incorporated isotope into lipids at 
a rate 70-fold greater than that of platelets. However, per unit 
volume of blood, 25 to 30% of the total lipid synthesis in whole 


blood is attributable to platelets. Lipid synthesis does occur in 
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reticulocytes, but at a low rate relative to that of leukocytes or 
platelets. Lipids formed by leukocytes and platelets are trans- 
ferred to plasma lipids. 
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Formation of Extracellular Sphingolipids by Microorganisms 
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The dihydroxy bases sphingosine and dihydrosphingosine, 
obtained so far only from animal sources, have been extensively 
studied, because they appear in well known lipides, such as 
sphingomyelin, the cerebrosides, and gangliosides. The corre- 
sponding trihydroxy bases from fungi and higher plant sources 
have received less attention. Structure studies date from 1940 
when Reindel et al. (1) proposed the C2o structure I for the base 
resulting from the hydrolysis of yeast cerebrin. 


OH NH: OH 


CH, ¢H—CH—CH—CH,CH,OH 
I 
OH OH NH: 
CH,(CH,),,CH—CH—CH—CH,OH 
II 


From preliminary studies Bohonos and Peterson (2) concluded 
that Reindel’s base can also be obtained from Aspergillus sydowi. 
In a close examination of the base from Penicillium notatum, 
Oda (3) accumulated good evidence in 1952 that it had structure 
II. Independently Carter et al. (4) arrived at the same structure 
for a base obtained from corn phosphatide, to which they gave 
the name phytosphingosine. Although similarity of properties 
suggested that phytosphingosine might be identical with Rein- 
del’s base, recent work by ProStenik and Stanaéev (5) has con- 
vincingly demonstrated that the compounds are different, and 
that Reindel’s structure must be modified to structure III. 


OH OH NH, 
CH,(CH,),,0H—CH—CH—CH,OH 

Ill 

OCOCH; OCOCH, NHCOCH, 


bu——tu 





CH,(CH,) CH CH.OCOCH; 


IV 


More recent work from Oda and Kamiya’s laboratory (6) has 
established that the C2) compound III and also phytosphingosine 
are components of a cerebrin phosphate obtained from bakers’ 
yeast. 

In the first paper of this series (7), we describe the extracel- 
lular production of tetraacetylphytosphingosine (IV) by the 
yeast Hansenula ciferrii. For the structure studies described 


* This is a laboratory of the North Utilization Research and 
Development Division, Agricultural Research Service, United 
States Department of Agriculture. 


here in Paper II of the series, we isolated about 4 g of crude 
crystalline material by petroleum ether extraction of the yeast 
grown on agar. Countercurrent distribution gave pure tetra- 
acetylphytosphingosine, the structure of which was established 
by comparing three derivatives of the free base (acetone complex, 
N-benzoyl, and N-benzoyltriacetyl) with corresponding deriy- 
atives prepared from natural phytosphingosine. 


EXPERIMENTAL PROCEDURE 


Isolation of Tetraacetylphytosphingosine—For purification, 2.5 
g of the crude material were subjected to a 700-transfer (single 
withdrawal) separation, with petroleum ether and acetonitrile 
in a 200-tube automatic Craig countercurrent distribution ap- 
paratus (8). Eighty-three per cent (2.08 g) of the material was 
recovered as a main peak in tubes 60 to 110. The deviation of 
the curve from the theoretical suggested about a 5% concentra- 
tion of a second component in tubes 96 to 110. The material 
(876 mg) in tubes 75 to 85 was used for the structural studies 
described. For analysis a portion of this product was crystal- 
lized from petroleum ether (b.p. 40-50°) at 0°, m.p. 49-50°} 
[alZs, +5° (c, 4.8 in dimethylformamide). 


Co6Hy7O7N (485.7) 
Calculated: C 64.50, H 9.76, N 2.89, Sap. Eq.? 121 
Found: C 64.74, H 9.67, N 2.81, Sap. Eq. 131 
C 64.97, H 9.92, N 2.84, Sap. Eq. 134 


Saponification of Tetraacetylphytosphingosine—A portion (185 
mg) of the material from tubes 75 to 85 was refluxed 7.5 hours 
with 275 mg of KOH, 0.3 ml of water, and 5 ml of alcohol. Ad- 
dition of water and filtration gave 119 mg (98.5% yield) of 
crude phytosphingosine, m.p. 100-105°. The filtrate was saved 
for identification of acetic acid. 

Identification of Acetic Acid—The filtrate was evaporated to 
dryness, dissolved in 3 ml of water, acidified with 6N sulfuric 
acid, and extracted continuously for 3 hours with ether. The 
ether was removed, and the acetic acid was neutralized and 
converted into 152 mg (68.7% yield) of recrystallized p-phenyl- 
phenacyl acetate, m.p. 111.6-112.6°. Identity was established 
by mixed melting test and by comparison of the x-ray diffraction 
pattern with that of an authentic sample. 

Phytosphingosine-Acetone Complex—A portion of the crude 
phytosphingosine was converted by the method of Carter et al. 


1 All melting points are capillary and corrected. 
2 Sap. Eq. = Saponification Equivalent. 
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(4) into an acetone derivative, which melted at 112.5-113.5°. 
Its infrared spectrum was identical with that obtained with an 
authentic sample supplied by Prof. H. E. Carter. 

N-Benzoylphytosphingosine—Phytosphingosine (150 mg), pre- 
pared by saponification of recrystallized tetraacetyl derivative 
from tubes 75 to 88 was benzoylated in aqueous tetrahydrofurane 
containing potassium hydroxide. To remove the O-benzoyl 
groups, the benzoylated product was saponified according to the 
procedure of Carter et al. (4) to yield 174 mg (m.p. 90-120°) of 
crude N-benzoylphytosphingosine. Two crystallizations from 
ether-methanol gave 29 mg of pure derivative, m.p. 137.8—138.8°. 
A mixed melting point test and the infrared spectrum showed 
the compound to be identical with an authentic sample of N- 
benzoylphytosphingosine obtained from Dr. Paul O’Connell of 
the Upjohn Company. 

N-Benzoyl Triacetylphytosphingosine—Acetylation of the N- 
benzoylphytosphingosine according to the procedure of Carter 
et al. (4) gave the triacetyl derivative (m.p. 79-80°), the infrared 
spectrum of which was identical with that of N-benzoyltriacety1- 
phytosphingosine prepared from authentic N-benzoylphyto- 
sphingosine. 

Periodic Acid Cleavage—N-Benzoylphytosphingosine was 
cleaved with periodic acid, and the resulting aldehyde was 
converted in good yield to the thiosemicarbazone of melting 
point 98-99.5°. Pro&tenik and Stanaéev (5) give 97-98° as the 
melting point of n-pentadecanal thiosemicarbazone. 


CisHssN3S (299.5) 
Calculated: C 64.16, H 11.10, N 14.03 
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Found: C 64.30, H 11.10, N 14.40 


C 64.30, H 11.06 
SUMMARY 


An extracellular crystalline product formed by the yeast 
Hansenula ciferrii has been shown to consist largely of tetra- 
acetylphytosphingosine. Identity was established by compari- 
son of acetone, N-benzoyl, and N-benzoyltriacetyl derivatives of 
the free base with corresponding derivatives prepared from 
phytosphingosine obtained from corn phosphatide. 
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Rats fed a diet containing 9% casein supplemented with sul- 
fur-containing amino acids and choline develop moderately fatty 
livers, but if the diet is supplemented with threonine the accumu- 
lation of fat is reduced (1,2). Decreased phospholipid turnover 
(3), endogenous respiration (4), and pyridinenucleotide content 
(5) have been reported to accompany this type of fatty liver. 
However, the chain of events which leads to fatty infiltration of 
the liver in rats fed a diet partially deficient in threonine or other 
amino acids has not been established. The synthesis of proteins 
generally including enzymes, hormones, and lipoproteins, depends 
upon an adequate supply of amino acids; therefore, any metabolic 
function such as synthesis, oxidation, or transport of fat, could 
be affected by a deficiency of amino acids. 

The way in which choline functions as a lipotropic factor is 
also unclear (1, 2, 6-8). Isotope-studies by Stetten et al. (9), 
Guggenheim et al. (10), and by Bernhard et al. (11) indicated 
that choline deficiency did not affect fatty acid synthesis in rats. 
It is possible that choline deficiency depresses fatty acid oxida- 
tion but this question has not been satisfactorily resolved (6). 
The observation that blood lipids are lowered in choline defi- 
ciency has suggested that lipid transport is affected (8), but 
there is no complete agreement on this point (7). 

Histological studies (1, 2) indicate that a deficiency of threo- 
nine causes a defect in fat metabolism which is different from 
that produced by choline deficiency. Therefore, as part of a 
study of metabolic defects which cause fatty livers, we have 
studied the incorporation of C'*-labeled acetate and palmitate 
into liver and carcass lipids, and the oxidation of these acids to 
carbon dioxide in both threonine- and choline-deficient rats. 


EXPERIMENTAL PROCEDURE 


Male weanling albino rats of the Holtzman strain were used. 
The basal diet contained: casein, 9%; t-cystine, 0.3%; sucrose, 
81.5%; corn oil, 5%; Salts 4 (12), 4%; and a complete vitamin 
mixture including 0.15% of choline chloride. The experiments 
consisted of two series, Aand B. In Series A, half of the animals 
were fed the basal diet, and half were fed the basal diet supple- 
mented with 0.36% of pt-threonine. In Series B, the control 
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group was fed the basal diet lacking choline. Cystine was 
omitted from both the control and the choline-supplemented diets 
to prevent the accumulation of fat caused by a deficiency of 
threonine (13). All groups were fed the diets ad libitum. After 
10 days for Series A and 3 days for Series B, before fat deposition 
had become maximal, acetate-1-C™“ or palmitate-1-C™ was in- 
jected intraperitoneally; 10 ue of acetate-1-C“ and 2 uc of 
palmitate-1-C™ per 100 g of body weight, respectively. Imme- 
diately after injection of the labeled acid, each animal was placed 
in a glass metabolism cage and CO,-free air was circulated. 
Expired CO: was collected for 3 hours in columns containing 1 
N NaOH solution. Preliminary experiments had shown that 
the specific activity of expired CO, dropped very rapidly within 
3 hours after injection of the labeled acids; therefore, CO. was 
collected for only 3 hours. The collected CO2 was precipitated 
as BaCOs, washed three times with water, and twice with meth- 
anol. An aliquot of methanol suspension of BaCOs; was placed 
on a copper planchet and the radioactivity was determined with 
a thin-window Geiger-Miiller tube. 

The animals were killed 3 hours after the injection of acetate- 
1-C™ and 5 hours after the injection of palmitate-1-C™. Liver 
lipids were extracted from the dried and finely ground liver 
with an ether-Skellysolve B-ethanol mixture 5:5:2 (14). After 
being dried, the extracts were dissolved in ether and filtered. 
The ether was evaporated and the total lipids were weighed. 
The extract was again dissolved in a small amount of ether and 
the phospholipids were precipitated by the addition of acetone. 
The precipitation was completed by keeping the flask at —10° 
overnight. The phospholipid fraction was washed once with ace- 
tone and the amount was estimated gravimetrically. The ace- 
tone soluble fraction was designated as the neutral fat fraction. 
Carcass fat was extracted from a portion of the ground and well 
mixed carcass. The gastrointestinal tract was removed before 
the grinding. 

Each lipid fraction was dissolved in chloroform to give the 
same amount of lipid per unit volume of solution for each sample. 
A constant amount of lipid solution was used for each determina- 
tion of radioactivity to simplify the correction for self-absorption. 
The solvent was evaporated and the radioactivity of the lipid 
was counted directly. 


RESULTS 


Effect of Threonine Deficiency—The average neutral fat content 
of the livers of the threonine-deficient rats was 21.8%, and of 
the threonine-supplemented rats 9.9% on a dry weight basis 
(Table I). Not only the liver neutral fat, but the carcass fat 
content of the threonine-deficient rats was also higher. There 
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was no effect of threonine deficiency on liver phospholipid con- 
tent. 

The results of the study of the incorporation of acetate-1-C™ 
into liver and carcass lipids are shown in Table II. The specific 
activity represents the counts per minute per mg of BaCO, or 
lipid. The total activity represents specific activity x total 
BaCOs (or lipid) x 100 divided by the body weight. This cal- 
culation for total activity takes into account the fact that the 
labeled compounds were injected in proportion to body weight. 

Specific activity of the liver neutral fat from the threonine- 
deficient rats was higher than that from the threonine-supple- 
mented rats; hence, the total activity was very much higher. 


TABLE | 


Effect of threonine and choline on liver fat and carcass fat 
of rats fed on diets containing 9% casein 

















Series A Series B 
(plus 0.3% t-cystine) (no cystine) 
' . 
Control | ptthreonie | Costrol | ydline-cl 
% % = 
Liver lipids* 
Neutral fat 21.8 9.9% 13.0 27 .3° 
Phospholipid 4.1 4.0 5.3 4.5) 
Carcass* 11.4 8.6¢ 9.9 10.3 








¢ Liver lipids are expressed on a dry weight basis and carcass 
fat on wet weight basis. 

Significantly different from control (P < 0.01). 

¢ Significantly different from control (P < 0.05). 


TABLE II 


Effect of threonine and choline on incorporation of acetate-1-C'* 
into liver fat and carcass fat of rats fed on diets 
containing 9% casein 























Series A Series B 
(plus 0.3% t-cystine) (no L-cystine) 
Control hee Control =. 
Liver lipids 
Neutral fat 
Specific activity* 90 + | 62+ | 105 + | 108 + 
21° 18 20 28 
Total activity X 10-*¢ 28.5 +/ 8.2 + | 14.9 +) 55.9 + 
6.8 2.2¢ 2.9 1.74 
Phospholipid 
Specific activity 134 + | 73 + | 155 + | 126 + 
26 25 31 33 
Total activity X 10-%« 8.74+/4.0+/8.9+/7.7+ 
1.7 1.5 1.6 2.0 
Carcass fat 
Specific activity? 8.7+/59+/)/9.9+/8.8+4 
1.1 1.3 2.6 2.0 
Total activity X 10-*« 85.7 +) 44.5 +| 83.1 +) 82.3 + 
10.0 8.9 16.4 22.1 





* C.p.m. per mg lipid. 

> Standard error of the mean. 

¢‘ Total activity = (specific activity X total lipid/body weight) 
X 100. 

* Significantly different from control (P < 0.05). 
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TaBLeE III 
Effect of threonine and choline on conversion of acetate-1-C'* 
or palmitate-1-C'* into respiratory CO: by 
rats fed diet containing 9% casein 




















Series A Series B 
(plus 0.3% 1-cystine) (no L-cystine) 
Plus 0.36' 
Control a Control y= ~l 
After injection of acetate- 
1-C™ 
Specific activity* 164 + | 174 + | 179 + | 186 + 
26° 8.6 ll 12 
Total activity X 10-4 ¢ 107 + | 115 + | 151 + | 139 + 
5.4 5.9 7.2 6.5 
After injection of palmitate- 
1-C* 
Specific activity* 18.2 +) 15.4 +) 8.44 /8.9 + 
2.7 2.6 0.8 1.0 
Total activity X 10-‘¢ 10.44+)/7.424/612+/64+ 
0.9 1.2 0.3 0.5 











*C.p.m. per mg of BaCOQs. 

> Standard error of the mean. 

¢ Total activity = (specific activity xX total BaCO;/body 
weight) X 100. 


The specific activity and the total activity of liver phospholipid 
from the threonine-deficient rats were also higher. Similar 
trends were found for carcass fat. The specific activity and the 
total activity of carcass fat from threonine-deficient rats were 
8.7 and 85.7 x 10%, respectively, whereas for the threonine- 
supplemented rats the values were 5.9 and 44.5 x 10°, respec- 
tively. . 

The rates of conversion of acetate-1-C™ and palmitate-1-C™ 
into carbon dioxide are shown in Table III. The differences 
between the two groups were not statistically significant. 

The total activity of palmitate-1-C™ in the liver neutral fat 
from the threonine-deficient group was higher, but the specific 
activity was higher in fat from the threonine-supplemented 
groups (Table IV). The extent of incorporation of palmitate 
into liver phospholipids and carcass fat was essentially the same 
for both groups. 

Effect of Choline Deficiency—After only 3 days, choline defi- 
ciency in the rat stimulated a marked increase in liver neutral 
fat and a slight decrease in liver phospholipid (Table I). In 
contrast to the effect of threonine deficiency, no increase in 
carcass fat was observed as a result of choline deficiency. 

As is shown in Table II, after injection of acetate-1-C™ the 
specific activity of liver neutral fat was the same for both groups, 
but the total activity for the choline-deficient group was higher. 
The values for both the specific activity and the total activity of 
liver phospholipids of the choline-deficient group were a little, 
but not significantly, lower than those for the supplemented 
group. The values for specific activity and total activity of 
carcass fat were similar for the two groups. 

The values for the conversion of acetate-1-C™ and palmitate- 
1-C™ into CO, by the choline-deficient and the choline-supple- 
mented animals did not differ significantly (Table III). 

The incorporation of palmitate-1-C™ into liver and body lipids 
is shown in Table IV. The specific activity of liver neutral fat 
was the same for both the choline-deficient and the choline- 
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TABLE IV 
Effect of threonine and choline on incorporation of palmitate-1-C' 
into liver fat and carcass fat of rats fed on 
diets containing 9% casein 











Series A Series B 
(plus 0.3% t-cystine) (no L-cystine) 
Plus 0.36% Minus 
Control oe 5. Control Gaties 
Liver lipids 
Neutral fat 
Specific activity 44+> |57+ | 7+ | 762+ 
4.0¢ 9.1 10.6 11.4 
Total activity X 10-*° 13.0 +| 7.7 +/|}9.9 + | 16.2 + 
1.2 1.2¢ 1.4 1.4¢ 
Phospholipid 

Specific activity* 7+ |8 + | 108 +} 78+ 
4.1 13 5.4 8.44 

Total activity x 10-*° 48+ |414 |532 | 41+ 
5.6 12 3.6 5.1¢ 

Carcass fat 

Specific activity* 3.8+/)/4.74+/)8.7+/68+ 

0.2 1.3 1.3 0.7 

Total activity X 10-*° 34+ | 35+ | 642 | 566+ 

4.9 12.6 6.2 4.4 

















«C.p.m. per mg lipid. 

‘Total activity = 
weight) X 100. 

¢ Standard error of the mean. 

4 Significantly different from control (P < 0.05). 

¢ Significantly different from control (P < 0.01). 


(specific activity Xx total lipid/body 


supplemented animals, but the total activity for the choline- 
deficient group was significantly higher. 

Both the specific activity and the total activity of the phos- 
pholipid from the choline-supplemented group were significantly 
higher. The same trend was evident in carcass fat, but the 
differences between the values for the choline-supplemented group 
and those for the choline-deficient group were not significant. 


DISCUSSION 


Fatty infiltration of the liver is usually attributed to: (a) in- 
creased fat synthesis in the liver; (b) decreased fat oxidation in 
the liver; (c) increased transfer of fat from the body to the liver; 
or (d) decreased transfer of fat from the liver to the body. 

Fat synthesis is evidently stimulated in rats fed a low protein 
diet that is primarily deficient in threonine because the amounts 
of C from injected acetate-1-C™ incorporated into body fat and 
liver neutral fat were significantly greater in rats fed the threo- 
nine-deficient diet than in those fed the threonine-supplemented 
diet. The specific activities of the liver fat and the carcass fat 
of rats fed the unsupplemented diet were also higher, but the 
differences were not significant. However, the greater amount 
of unlabeled fat in rats fed the unsupplemented diet would act 
as a diluent, so the specific activity of the newly synthesized fat 
would be considerably underestimated. 

No evidence was obtained that threonine deficiency impaired 
the ability of the rat to oxidize either acetate or palmitate, but 
the possibility that fatty acid oxidation in the liver alone is im- 
paired cannot be eliminated because this might not be detected 
in experiments on intact animals. It is unlikely that the accumu- 
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lation of liver fat in the threonine-deficient rat resulted from 
migration of body fat to the liver because the specific activity of 
the liver neutral fat greatly exceeded that of the carcass fat after 
the injection of both labeled acetate and labeled palmitate. It 
is also unlikely that transport of fat from the liver to the body 
was impaired because, after administration of either labeled 
compound, the amount of radioactivity in the carcass fat of rats 
fed the threonine-deficient diet was as great as or greater than 
that in the carcass fat of rats fed the threonine-supplemented 
diet. 

Stetten and Salcedo (9), who used deuterium as a tracer, ob- 
served that fat synthesis in the intact rat fed a diet containing 
10% casein increased if the diet was supplemented with 0.5% 
cystine. In experiments in vitro, Artom (15) found that supple- 
mentation of a diet deficient in sulfur-containing amino acids 
(5 or 8% casein or @ protein) with 1% cystine stimulated an 
increase in the synthesis of fatty acids by liver slices. As 
supplementation with cystine makes threonine the limiting amino 
acid in such diets (13), and in view of the effect of threonine in 
rats fed similar diets in the present study, a deficiency of threo- 
nine, rather than an excess of cystine as was previously suggested, 
is evidently responsible for the increased synthesis of fatty acids. 

Increase in the fat content of the diet causes a small reduction 
in the fatty infiltration of the liver in rats fed on low protein 
diets deficient in threonine (16). Increase in the fat content of 
the diet also depresses fatty acid synthesis (17). Therefore, if 
threonine deficiency brings about fatty infiltration of the liver 
by stimulating fat synthesis, the inhibitory effect of higher die- 
tary levels of fat on fatty acid synthesis might account for the 
some what less severe fatty infiltration of the liver in rats fed a 
threonine-deficient diet that is high in corn oil. 

Dianzani (18) reported that the total liver pyridine nucleotide 
concentration is low in rats fed a choline-deficient diet and in 
those administered phosphorus or carbon tetrachloride, and that 
the ratio of reduced to oxidized pyridine nucleotides increases 
under conditions which cause fat to accumulate in the liver. The 
synthesis of higher fatty acids from acetate requires TPNH, so 
it would seem important to study the TPNH concentration of 
the liver in rats fed threonine-deficient diets and also the activity 
of the hexose monophosphate oxidation pathway which is so 
important as a source of TPNH. 

Fatty livers resulting from threonine and from choline defi- 
ciencies are quite different histologically and the time course of 
fat deposition is characteristic for each. Extensive fatty infil- 
tration of the liver occurs within 3 days in rats fed a choline- 
deficient diet and the infiltration is initially in the central area 
of the liver lobule. In rats fed a low protein diet deficient in 
threonine, the fatty infiltration occurs gradually, reaching a peak 
in about 3 weeks; it is generally less extensive than that of choline 
deficiency and is periportal in character. Also, threonine 
deficiency, but not choline deficiency, brings about an increased 
accumulation of body fat in the rat. Thus, one would expect 
the metabolic defects to be different in these two conditions. 

Stetten and Salcedo (9), Guggenheim and Olson (10), and 
Bernhard et al. (11) have reported that choline deficiency does 
not affect primarily fatty acid synthesis, but rather transport 
from the liver to the body. A similar conclusion would be 
reached from the results of the present study if the results for 
the specific activity of the neutral fat synthesized by choline- 
deficient rats injected with labeled acetate were alone considered. 
However, the total amount of activity in the liver neutral fat 
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increased significantly, and if allowance is made for dilution by 
the unlabeled fat present in the liver at the time of the injection, 
the specific activity of the newly deposited fat in the choline- 
deficient rats must also be considerably underestimated. It 
would, therefore, appear that choline deficiency stimulates the 
synthesis of neutral fat in the liver. 

In these experiments in vivo, specific activity and total activity 
of expired CO, after the injection of acetate-1-C™ or palmitate- 
1-C“ were not depressed by choline deficiency. However, 
Artom (19) observed a decrease in the rate of oxidation of higher 
fatty acids in liver slices from choline-deficient rats. Choline 
deficiency might affect primarily the liver, and such an effect 
would probably be masked in experiments on intact animals. 
However, Bernhard et al. (10) observed that liver slices from 
rats fed a choline-deficient diet showed no loss of ability to 
oxidize endogenous fatty acids. Fritz (20) reported that fatty 
acid oxidation by liver homogenates prepared from rats fed a 
20% protein diet was within the normal range although an im- 
paired rate of oxidation was observed when the animals were fed 
a choline-deficient diet containing only 5% protein. He sug- 
gested that hepatic fat oxidation is not impaired in the absence 
of choline alone. 

The slightly lower values for specific activity and total activity 
of liver phospholipid and for carcass fat, together with the higher 
value for the specific activity of liver neutral fat, after the in- 
jection of palmitate-1-C™ into choline-deficient rats, may indi- 
cate some impairment in the transport of fatty acids. 

The observations on choline-deficient rats, although suggestive, 
like so many of the previous studies, lead one to believe that no 
single metabolic defect can account for the fatty infiltration of 
the liver resulting from choline deficiency. 


SUMMARY 


Incorporation of acetate-1-C“ and palmitate-1-C™ into liver 
fat and carcass fat and the conversion of these compounds into 
respiratory carbon dioxide have been studied in threonine-de- 
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ficient and choline-deficient rats. Stimulation of fat synthesis 
accompanied the fat accumulation in the livers and carcasses 
of rats fed a low protein diet deficient in threonine. The effects 
of choline deficiency were less clear-cut. They included in- 
creased fat synthesis in the liver, but not in the carcass, and 
some evidence of impaired transport of fat from the liver. 
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Recent work (1) has established that plasmalogenic phospha- 
tides resemble the conventional glycerophosphatides such as 
phosphatidylcholine (I) very closely in structure, except that 
one fatty acid ester linkage is replaced in the plasmalogens by an 
aldehydogenic bond, presumably that of an a,8-unsaturated 
ether. The exact position of the aldehydogenic bond is not yet 
certain. It had been concluded by Rapport (2) that the alde- 
hydogenic linkage in the choline-containing plasmalogen of beef 
heart is in the 8 position, since the remaining fatty acid ester 
bond is readily cleaved by lecithinase A of snake venom, described 
by Hanahan (3) as specific for the a’ position. However, more 
recent evidence of Tattrie (4) strongly suggests that lecithinase 
A is specific for fatty acids in the 6 position. This would mean 
that the aldehydogenic bond of the choline plasmalogen (and 
probably other plasmalogens as well) is in the a’ position. The 
structural relationship between these compounds and the well 
known glyceryl ethers such as batyl and chimy] alcohols would 
then become much more understandable. Accordingly, the 
structure shown in II will be assigned here to the choline plas- 
malogen of beef heart, but in view of the somewhat unsettled 
nature of the evidence to date, including claims that plasmalogens 
of both types may be present in nature, this assignment must 
be regarded as somewhat arbitrary. 

It is known that the enzymatic synthesis of phosphatidylcho- 
line (I) involves a reaction between p-a ,8-diglyceride (III) and 
cytidine diphosphate choline (5). If a similar pathway were to 
lead to the biosynthesis of choline plasmalogens, presumably the 
last step of such a sequence would be a reaction between cyti- 
dine diphosphate choline and a compound of structure IV, which 
is a D-a,@-diglyceride in which one ester linkage has been re- 
placed by an a,6-unsaturated ether bond. 

Assignment of trivial names to compounds of Type IV is 
rather difficult. It is proposed in this paper to describe any 
glycerophosphatide or related lipid in which one fatty acid ester 
linkage has been replaced by an aldehydogenic ether bond as 
‘‘plasmalogenic”. Thus II may be described as plasmalogenic 
phosphatidylcholine (or choline plasmalogen) and IV may be 
described as a plasmalogenic diglyceride. This usage is simple, 
avoids an exact definition of structure at a time when this is 
not known with complete certainty, and is justifiable historically 
(6). The slight possibility of confusion arising from the descrip- 
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tion of IV as plasmalogenic diglyceride, when in fact it is not a 
diester of glycerol, is avoided by the explicit definition above. 

The present paper will describe a method for the preparation 
and purification of plasmalogenic diglycerides involving the en- 
zymatic cleavage of phosphorylcholine from the choline plasma- 
logen of beef heart (II) followed by chromatography of the 
resultant products on silicic acid. It has been found that the 
particulate enzymes from liver and other tissues catalyze a 
reaction between plasmalogenic diglycerides and cytidine diphos- 
phate choline with the formation of choline plasmalogen. A 
similar reaction between plasmalogenic diglycerides and cytidine 
diphosphate ethanolamine has also been observed. A prelimi- 
nary report of some of these results has been made (7). 


MATERIALS AND METHODS 


Preparation of Particulate Fraction from Rat Liver—Adult 
albino rats were killed by decapitation and the livers quickly 
removed and homogenized in a glass homogenizer, with 7 ml of 
ice-cold 0.25 m sucrose solution for each 3 g of fresh liver. The 
sediment obtained by centrifugation of this homogenate for 20 
minutes at 3,000 x g at 0-4° was discarded. The particulate 
fraction, sedimented by a further centrifugation of 40 minutes 
at 30,000 x g, was taken up in 0.025 m Tris buffer at pH 8.0 
and stored in the frozen state until used. 

Preparation of Plasmalogenic Diglyceride—Phospholipid frac- 
tions from beef heart prepared by the method of Pangborn (8) 
were the generous gift of Mr. S. Rosenberg of the Sylvana 
Chemical Company. These fractions have been shown (9) to 
contain approximately 40% of phosphatidylcholine and 60% of 
plasmalogenic phosphatidylcholine. Gray and Macfarlane (10) 
have reported that the lecithinase D of Clostridium welchii cleaves 
phosphorylcholine from choline plasmalogen, as well as from 
lecithin. In confirmation of this result, we have found that 
prolonged incubation of such preparations with lecithinase D 
from Clostridium perfringens (kindly supplied by Lederle Lab- 
oratories Division, American Cyanamid Company) in the pres- 
ence of ether, leads to an almost quantitative release of P-choline. 
A phosphorus-free lipid fraction, presumably a mixture of ITI + 
IV, could be obtained by such treatment, as shown by the follow- 
ing experiment. 

Tris buffer (3 mmoles) and MgC}, (300 umoles) were dissolved 
in 20 ml of water and to this solution the Pangborn phospholipid 
fraction (184 mg containing 245 yatoms of total P) was added 
with shaking. Lecithinase D (17 mg of lyophilized protein) 
was then added, followed by 20 ml of diethyl ether. The mix- 
ture was stirred with a magnetic stirrer for 24 hours at room 
temperature, after which the aqueous phase appeared quite 
translucent. The ether phase, which contained only traces of 
phosphorus, was transferred to a round-bottomed flask and taken 


2590 








Septet 


to dry! 
oil was 
silicic 


| pared 


activa’ 
was us 
into a 
washe 
passed 
with 2 
ture 0 
reserv 
groups 
aldehy 
of Ste 
ether 

The 
plasm 
equiv: 
first ( 


| tional 


combi 
the sa 
titatir 
The 
fracti 
the r 
given 
a,B- 
hydos 

Th 
and < 
emul; 
“T we 
Powc 
per n 

Otl 
gene! 
with 
(14). 

St 
aldel 
redu 

Pr 
et al. 


Ro 


not a 
ibove. 
ration 
he en- 
asma- 
of the 
at the 
yze a 
iphos- 
ms: A, 
tidine 
‘elimi- 


-Adult 
uickly 
ml of 

The 
for 20 
culate 
inutes 
HH 8.0 


| frae- 
rm (8) 
ylvana 
(9) to 
0% of 
e (10) 
leaves 
| from 
1 that 
ase D 
» Lab- 
> pres- 
r0line. 
III + 
ollow- 


solved 
1olipid 
added 
rotein) 
e mix- 
, room 

quite 
ices of 
taken 





| tional a,B-diglyceride (Tubes 11 to 14). 








September 1960 


to dryness under vacuum in a rotary evaporator. The residual 
oil was taken up in 5 ml of benzene and chromatographed on 
silicic acid. A commercial grade of silicic acid (Bio-Rad), pre- 


| pared according to the methods of Hirsch and Ahrens (11) and 


activated by heating at 110° for 16 hours after removal of ether, 
was used. Approximately 10 g of this silicic acid were packed 
into a column 24 cm long and 1 cm in diameter and thoroughly 
washed with benzene. The lipid, dissolved in benzene, was 
passed over the column and eluted by a gradient technique, 
with 250 ml of benzene in the lower mixing chamber and a mix- 
ture of equal volumes of benzene and chloroform in the upper 
reservoir. The fractions eluted were tested for aldehydogenic 
groups by the method of Wittenberg et al. (12), with myristic 
aldehyde as a standard, and for fatty acid esters by the procedure 
of Stern and Shapiro (13), with dipalmityl glycerol-a-benzyl 
ether as a standard. 

The results of the chromatogram (Fig. 2) show that the 
plasmalogenic diglyceride fraction, containing approximately 
equivalent amounts of ester and aldehydogenic groups, is eluted 
first (Tubes 4 to 6) and is quite well separated from the conven- 
Each fraction was 
combined, taken down to dryness, and rechromatographed in 
the same system. Recovery of both fractions was almost quan- 
titative and each appeared to be substantially free of the other. 
The ratio of aldehyde to ester in the plasmalogenic diglyceride 
fraction was 0.90:1.0, but it is not certain if the color values of 
the reactive groups in the lipid are exactly the same as those 
given by the standards in the analytical methods used. The 
a,8-diglyceride fraction contained only small amounts of alde- 
hydogenic material. 

The solvents were removed from the plasmalogenic diglyceride 
and diglyceride fractions under vacuum, and each fraction was 
emulsified in 0.025 m Tris buffer at pH 8.0, containing 1% of 
“Tween 20” (polyoxyethylene sorbitan monolaurate from Atlas 
Powder Company) in a final concentration of 10 or 20 umoles 
per ml. 

Other Materials and Methods—Synthetic p-a ,B-diolein was the 
generous gift of Drs. Baer and Buchnea. CDP-choline labeled 
with choline-1 ,2-C™ was synthesized by the method of Kennedy 
(14). 

Stearic aldehyde (Aldrich Chemical Company) and myristic 
aldehyde (Tombarel Products Corporation) were redistilled under 
reduced pressure immediately before use. 

Protein determinations were made by the method of Lowry 
et al. (15). 
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TUBE NUMBER 

Fic. 2. Isolation of plasmalogenic diglyceride by silicic acid 
column chromatography. Plasmalogenic diglyceride appeared in 
the first major peak whereas the conventional D-a,6-diglyceride 
was recovered in the expected area in the second major peak. 
Each tube contained about 20 ml of eluate. Ester and aldehyde 
values are designated by solid and dotted lines respectively. 
Tubes 4 to 6 and Tubes 11to 14 were pooled and rechromatographed 
separately as described in the text. 


EXPERIMENTAL PROCEDURE 


Estimation of Enzymatically Synthesized Choline Plasmalogen— 
Attempts in our own and other laboratories to separate native 
choline plasmalogen from lecithin have been with little success. 
The plasmalogen, however, can be readily distinguished from 
lecithin and from sphingomyelin by the following properties: 
(a) Upon treatment with mild alkali the plasmalogen yields a 
lysoplasmalogen which is preferentially soluble in chloroform, 
whereas lecithin yields a water-soluble derivative, glycerophos- 
phorylcholine. (6) Upon treatment with acetic acid, the plasma- 
logen yields a lysolecithin under conditions in which little or no 
hydrolysis of lecithin or sphingomyelin takes place. 

Since it had been shown by Sribney and Kennedy (16) that 
there is very little formation of alkali-stable lipids from CDP- 
choline in enzyme systems from liver in the absence of suitable 
acceptors, the production of alkali-stable radioactive lipid from 
CDP-choline in the presence of plasmalogenic diglyceride was 
adopted as a routine assay for measuring the formation of cho- 
line plasmalogen. 

At the end of the incubation period, the enzymatic reaction, 
usually in a volume of 0.50 ml, was stopped by the addition of 
3 ml of ethanol. The tubes were kept at 37° for at least 15 
minutes to allow the denatured protein to flocculate, after which 
the precipitate was removed by centrifugation and extracted 
twice more with 2 ml portions of ethanol. The combined etha- 
nolic extracts were taken up in chloroform, and the chloroform 
solution thoroughly washed with 2 m KCl and water as previously 
described (5). Portions of the washed chloroform phase were 
then plated in aluminum cups and counted under conditions of 
negligible self-absorption, giving a measure of the conversion of 
radioactive CDP-choline (or CDP-ethanolamine) to total lipid. 

The conversion of CDP-choline to alkali-stable lipid was 
measured on another aliquot of the washed chloroform phase, 
which was taken to dryness under a jet of air, taken up in 0.2 
ml of 0.2 nN methanolic NaOH, and incubated at 37° for 15 min- 
utes with occasional shaking. These conditions were suggested 
by the useful method of Dawson (17). The samples were then 
chilled in an ice bath and 0.3 ml of 0.5 m Tris buffer at pH 6.7 
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was added. Chloroform (5 ml) was then added after which the 
samples were vigorously shaken. The extract was then washed 
with 2 m KCl and water essentially as described (5). A portion 
of the chloroform phase was counted as described above. 

Evidence that the alkali-stable lipid which is formed from 
CDP-choline is in fact plasmalogen will be presented in a later 
section of this paper. 

Effect of Plasmalogenic Diglyceride on Conversion of CDP- 
Choline to Total and Alkali-Stable Phospholipid—When 
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Fic. 3. Effect of p-a,8-diglyceride in stimulating the synthesis 
of total radioactive phospholipid and of alkali-stable phospho- 
lipid from CDP-choline-1,2-C'*. Each tube contained 10 ymoles 
of MgCl, 5 umoles of cysteine, 40 umoles of Tris buffer at pH 8.0, 
1 mg of Tween 20, 0.32 umole of CDP-choline labeled with choline- 
1,2-C™ (49,000 counts per umole), and 0.05 ml of a suspension of 
rat liver particles in a final volume of 0.5 ml. The amounts of 
D-a ,8-diglyceride (added as an emulsion in the Tween 20) were 
varied as shown. The synthesis of total radioactive phospho- 
lipid is indicated by the solid line, and the alkali-stable fraction 
is represented by the broken line. 
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Fic. 4. Effect of plasmalogenic diglyceride in stimulating the 
synthesis of total radioactive phospholipid and of alkali-stable 
phospholipid from CDP-choline-1,2-C'*. The conditions of the 
experiment were identical to those of Fig. 3, except that plasmalo- 
genic diglyceride was substituted for p-a,8-diglyceride. As in 
Fig. 3, the solid line represents total phospholipid and the broken 
line alkali-stable phospholipid. 
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labeled CDP-choline is incubated with p-a,@-diglycerides of 
conventional structure in the presence of a particulate enzyme 
fraction from liver, a rapid conversion to lecithin takes place, as 
has been previously reported (5). However, no significant syn- 
thesis of alkali-stable phospholipid is noted under these condi- 
tions (Fig. 3). In contrast, when CDP-choline is incubated 
with plasmalogenic diglyceride, a rapid labeling of the total lipid 
and of the alkali-stable lipid fraction occurs, as shown in Fig. 4. 

It will be noted that only about half of the radioactivity pres- 
ent in the total lipid is recovered in the alkali-stable fraction in 
the experiment shown in Fig. 4. Control experiments indicate 
that the recovery of lysoplasmalogen after treatment of native 
choline plasmalogen (II) with alkali is not quantitative. There- 
fore, the values shown for conversion of CDP-choline to the 
alkali-stable fraction represent minimal estimates of the amount 
of plasmalogen formed. On the other hand, it is possible that 
the addition of plasmalogenic diglyceride somehow also stimu- 
lates the synthesis of lecithin of conventional structure (1), since 
only half of the total radioactive lipid is labile to mild treatment 
with acetic acid, as described below. The exact explanation for 
this finding is not understood. However, in any case it is clear 
that a considerable synthesis of alkali-stable lipid does occur 
when plasmalogenic diglyceride is added. 

Identification of Product as Choline Plasmalogen—As mentioned 
above, choline plasmalogen can be distinguished from lecithin 
not only by its stability to mild alkali, but also by its ready con- 
version to lysolecithin (which can be separated from lecithin by 
chromatography) upon treatment with acetic acid (6, 18, 19) 
under conditions to which lecithin is stable. Accordingly, the 
total lipid fraction, obtained from an experiment in which labeled 
CDP-choline had been incubated with plasmalogenic diglyceride 
essentially as described in Fig. 3, was chromatographed on silicic 
acid with increasing concentrations of methanol in chloroform 
by gradient elution. All of the radioactivity was recovered in a 
single peak in the region expected for lecithin. This is consistent 
with the fact that native choline plasmalogen cannot easily be 
separated from lecithin (20). The material in this peak was 
concentrated to dryness under vacuum and treated with 5 ml of 
90% acetic acid at 38° for 17 hours, to cleave off the aldehydo- 
genic moiety of any plasmalogen present (6). The product was 
taken up in chloroform, washed with 2 m KCl and water, and 
rechromatographed (upper portion of Fig. 5). Approximately 
52% of the radioactivity was recovered in the region of lysolec- 
ithin, and must therefore have been derived from choline plasma- 
logen. In a control experiment, the radioactive lipid obtained 
when CDP-choline was incubated with p-a ,B-diolein was carried 
through the same procedure. Only negligible amounts of lyso- 
lecithin were obtained, showing both the stability of lecithin 
under these conditions and the specificity of the enzyme system 
for plasmalogenic diglyceride. 

In the experiment to be described in the next section, chemi- 
cally measurable increase in the content of aldehydogenic groups 
of the lecithin fraction (isolated on silicic acid) was also observed. 
These results, together with the requirement for plasmalogenic 
diglyceride as acceptor, leave little doubt that choline plasma- 
logen is being formed. 

Net Synthesis of Choline Plasmalogen—The total labeled phos- 
pholipid derived from an experiment run in a final volume of 10 
ml was chromatographed on a silicic acid without treatment of 
alkali. The lecithin fraction (which also contains the choline 
plasmalogen) was analyzed for total P, aldehydogenic groups and 
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Fic. 5. Isolation of radioactive lysolecithin after treatment of 
enzymatically synthesized choline plasmalogen with acetic acid. 
The conditions of the experiment are described in the text. In 
the upper portion of the figure, it is seen that about 52% of the 
total radioactivity is recovered as lysolecithin (Tubes 12 to 17). 
In a control experiment, shown in the lower portion of the figure, 
radioactive lecithin (obtained from CDP-choline + p-a,§-di- 
glyceride) was subjected to exactly the same treatment.. Negligi- 
ble amounts of radioactivity were recovered in the region in which 
lysolecithin is expected. 


TABLE I 
Net synthesis of choline plasmalogen by rat liver particles 

Each tube contained 200 umoles of MgCle, 100 umoles of cys- 
teine, 800 umoles of Tris buffer at pH 8.0, 20 mg of Tween 20, 6.4 
pmoles of CDP-choline labeled with choline-1,2-C!* (72,000 counts 
per umole), and 1.0 ml of a suspension of rat liver particles in a 
final volume of 10 ml. The plasmalogenic diglyceride was emul- 
sified in 1% Tween 20 in a concentration of 10 wmoles of lipid per 
ml. The tubes were incubated at 38° for 2 hours. 
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radioactivity. It was found (Table I) that the addition of 
plasmalogenic diglyceride led to a net increase in total phospho- 
rus and of aldehydogenic groups in this fraction, as compared to 
a control without acceptor, as well as an increase in choline 
derived from CDP-choline. The amount of endogenous plasma- 
logen in the enzyme particles is small compared to the lecithin 
content, in keeping with the observation that the amount of 
plasmalogen in liver is quite low (21). 

The increase in total P is in good agreement with the increase 
in choline derived from CDP-choline, as expected if phosphoryl- 
choline is transferred as a unit from CDP-choline to the acceptor 

Specificity for Plasmalogenic Diglyceride—If the plasmalogenic 
diglyceride is treated with alkali before incubation, to destroy 
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the ester linkage and to generate a compound which is presum- 
ably a plasmalogenic monoglyceride, no activity in stimulating 
the synthesis of total or alkali-stable lipid from CDP-choline is 
noted. The presence of an ester linkage is therefore necessary. 
As noted above, conventional a ,8-diglycerides show no activity, 
indicating the necessity for at least one unsaturated ether link- 
age as in IV. No synthesis of alkali-stable lipid from CDP- 
choline could be detected when the plasmalogenic diglyceride 
was replaced by long chain fatty aldehydes. 

Possible Identity of Enzymes Catalyzing Synthesis of Lecithin 
and Choline Plasmalogen—If varying amounts of p-a ,§-diglyc- 
eride are added to an enzyme system containing plasmalogenic 
diglyceride and CDP-choline, there is little effect on the amount 
of alkali-stable labeled lipid formed, consistent with the idea 
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Fic. 6. Inhibition of the synthesis of lecithin and of choline 
plasmalogen by calcium ion. The conditions of the experiment 
were closely similar to those described in Fig. 3, except that p-a,8- 
diglyceride (1 umole) was the acceptor in one set of tubes (solid 
line) and plasmalogenic diglyceride (1 umole) was the acceptor in 
another set (broken line). The amounts of calcium ion added to 
both sets were varied as shown. The radioactivity of the total 
phospholipid fraction was then measured and the results are ex- 
pressed as percentage of inhibition, with the level of synthesis in 


each set in the absence of calcium taken as 100% activity (0 in- 
hibition). 


TABLE II 
Synthesis of ethanolamine plasmalogen 

Each tube contained 10 wmoles of MgCl, 5 wmoles of cysteine, 
40 umoles of Tris buffer at pH 8.0, 1 mg of Tween 20, 0.3 umole 
of CDP-ethanolamine labeled with ethanolamine-1,2-C™ (50,000 
counts per umole), and 0.05 ml of a suspension of rat liver particles 
in a final volume of 0.5 ml. The lipid acceptors were emulsified 
in 1% Tween 20 in a concentration of 20 wmoles of lipid per ml. 
The tubes were incubated at 38° for 2 hours. 
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that separate enzymes are involved. However, it is virtually 
impossible to saturate the system either with plasmalogenic 
diglyceride (Fig. 4) or p-a ,8-diglyceride (5), so that this obser- 
vation carries little weight. 

In a further effort to obtain information as to whether sepa- 
rate enzymes catalyze the reactions between CDP-choline and 
p-a ,8-diglyceride or plasmalogenic diglyceride respectively, the 
effect of calcium ions on these reactions was studied (Fig. 6). 
It is known that the lecithin-synthesizing enzyme is inhibited 
by low concentrations of calcium ion (5). It was found that the 
percentage of inhibition by calcium ion was the same, if p-a ,B- 
diglyceride or plasmalogenic diglyceride was added as acceptor, 
suggesting that the same enzyme catalyzes both reactions, or if 
different enzymes are involved, these must have strikingly 
similar properties. 

Reaction of CDP-Ethanolamine with Plasmalogenic Diglyc- 
eride—When plasmalogenic diglyceride was incubated with 
labeled CDP-ethanolamine rather than CDP-choline, the for- 
mation of a radioactive, alkali-stable phospholipid, presumably 
the ethanolamine plasmalogen, was observed (Table II). 


DISCUSSION 


The experiments described in this paper offer evidence that 
choline- and ethanolamine-containing plasmalogens may be syn- 
thesized by reactions between plasmalogenic diglyceride (IV) 
and CDP-choline or CDP-ethanolamine, respectively. Such 
results are consistent with (but do not prove) the occurrence of 
a series of reactions essentially similar to those leading to the 
biosynthesis of lecithin (22), but involving aldehydogenic inter- 
mediates. Such a series might include the formation of a 
plasmalogenic phosphatidic acid and its subsequent dephosphor- 
ylation by phosphatidic acid phosphatase, with the production 
of a plasmalogenic diglyceride. Experiments in general con- 
sistent with such a scheme have also been described briefly by 
Gambal and Monty (23). 

However, an alternative interpretation is by no means ruled 
out. It may be that the enzymes catalyzing the synthesis of 
lecithin and phosphatidylethanolamine are not completely spe- 
cific for diglycerides of conventional structure, and will react 
with plasmalogenic diglycerides even though such compounds 
may not be encountered in vivo. It is not possible at present 
to resolve this difficulty. Further progress is hindered by lack 
of organic chemical procedures for the synthesis of the suspected 
intermediates. 


SUMMARY 


1. Prolonged enzymatic hydrolysis of the choline-containing 
plasmalogen of beef heart, catalyzed by the lecithinase D of 
Clostridium perfringens, leads to the complete removal of the 
phosphorylcholine portion of the molecule. The other product 
of the reaction is an aldehydogenic lipid closely resembling a 
p-a ,B-diglyceride, except that one fatty acid ester bond is re- 
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placed by an a,f-unsaturated ether linkage. The name “‘plas- 
malogenic diglyceride” is suggested for compounds of this type. 

2. Methods for the purification of plasmalogenic diglycerides 
and the separation of these substances from conventional diglyc- 
erides by chromatography on silicic acid are described. 

3. Evidence is presented for the occurrence of the following 
reactions, catalyzed by particulate enzyme preparations from 
liver: 


Cytidine diphosphate choline + plasmalogenic diglyceride = 


plasmalogenic phosphatidylcholine + cytidine 5’diphosphate 
Cytidine diphosphate ethanolamine 


+ plasmalogenic diglyceride = 
plasmalogenic phosphatidylethanolamine 
+ cytidine 5’ diphosphate 


4. A chemically measurable net synthesis of plasmalogenic 
phosphatidylcholine has been observed. 

5. The significance of the above reactions in a possible pathway 
leading to the biosynthesis of plasmalogens in vivo is discussed. 
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The ternary mixture, heptane-isopropy! alcohol-water, pro- 
vides a convenient two-phase system for extraction of long- 
chain fatty acids (1). When the solvent components are taken 
in suitable proportions, the phases separate rapidly without cen- 
trifugation. The long-chain fatty acids distribute predomi- 
nantly into the upper, nonpolar phase, whereas the more polar 
acids remain below. 

This method of extraction has been used mainly for studies of 
changes in the concentration of fatty acids in blood plasma (1) 
and for measuring the output of fatty acids from isolated pieces 
of adipose tissue (2). The need in studies of this kind is for a 
method that is sensitive, reproducible, and rapid. - Absolute 
specificity is not required providing that the interfering materials 
are constant and relatively low in concentration, and that the 
interpretations depend only on changes in concentration of the 
fatty acids. These conditions are satisfied in the usual analyses 
of blood plasma and of nutrient media; for these studies, a single 
extraction method is ideally simple and precise. 

It must be emphasized, however, that the single extraction pro- 
cedure may not be adequate for study of tissue lipids. Two or 
more distributions will be required when only traces of long-chain 
fatty acids are mixed with larger amounts of other organic acids 
and acidic phospholipids. The extraction necessarily becomes 
more elaborate, but even with complex mixtures a practical 
method of separating fatty acids from acidic contaminants usu- 
ally can be worked out if one knows the kinds and relative pro- 
portions of materials present, and their partition coefficients in 
the two-phase extraction system. 

Other two-phase systems containing the same solvents in dif- 
ferent proportions are also available for extraction, and some of 
these may provide greater selectivity for special purposes. To 
make efficient use of the many possibilities for differential ex- 
traction one needs a general map of the ternary system and a 
table of partition coefficients. The present paper outlines the 
phase relations of the ternary system at room temperature, gives 
partition coefficients of fatty acids and other materials in a 
standard two-phase extraction mixture, discusses use of the sys- 
tem in countercurrent extraction, and outlines some modi- 
fications of the original procedure that have developed during 
five years of analytical work in this laboratory. 


EXPERIMENTAL PROCEDURES AND RESULTS 


Phase Relations—The phase relations as a function of composi- 
tion are shown in Fig. 1, the composition being specified by the 


* This research was supported in part by Grant A-2427 from 
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relative volumes of the three liquid components entering into 
any given mixture. This representation, which differs from the 
more usual mapping in terms of weight fractions, is convenient 
for the analyst who usually measures his solvents by volume. 
The composition by weight can of course be computed from the 
volume fractions by taking account of the densities. 

The curved line in the figure shows the transition from one- 
phase to two-phase systems. Mixtures represented by points 
in the area below the curve form two phases with compositions 
indicated by intersections of the straight tie line containing the 
given point and the curved saturation line. A family of mixtures 
represented by points on the same tie line are composed of the 
same two phases, but with different relative volumes. Above the 
line all mixtures form a single phase. 

This diagram, which is only an approximate mapping, brings 
out an important practical point. The advantages of rapid and 
clean separation of phases are realized only in the upper part of 
the two-phase area (indicated by the background shading). 
Below this area pure ternary systems separate more slowly, and 
in the presence of biological materials the systems tend to form 
stubborn emulsions. 

The differences in ease of phase separation may be explained in 
part by the variation in interfacial tension, which ranges from 51 
dynes per cm at a heptane-water interface (3) to zero at the 
plait point. The interfacial tensions of phase pairs corresponding 
to tie lines of intermediate position were estimated by measuring 
the relative drop weights of lower phases delivered slowly from a 
pipette into the equilibrated upper phase. It can be seen that 
the favorable region for extraction corresponds to phase pairs 
with low interfacial tension, roughly, those with tensions less 
than 2 dynes per cm. At these low tensions the surface active 
lipids and proteins seem to be excluded from the interface, and 
the systems separate rapidly. 

The standard extraction system lies near the center of the 
favorable region. The upper point in Fig. 1 shows the one-phase 
system obtained by adding plasma, 1 volume, to 5 volumes of the 
extraction mixture: 2% water (1 N H.80,), 78% isopropyl alco- 
hol, 20% heptane. Further additions of water, 2 volumes, and 
heptane, 3 volumes, shift the mixture to the two-phase system: 

28% water (0.03 n H.SO,), 36% isopropyl alcohol, 36% heptane. 

Effect of pH—The presence of a strong acid in low concentra- 
tion has no significant effect on the phase volume relations, but 
it does markedly influence the partition of weak acids. If the 
aqueous phase of an extraction mixture is neutral, no significant 
amount of long-chain fatty acid appears in the upper phase; 
when enough strong acid is added to bring the lower phase to 
pH 2.5, a maximal amount of fatty acid distributes to the sol- 
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Fic. 1. Phase relations of the ternary system at room tempera- 
ture. The numbers associated with the tie lines are approximate 
values of the interfacial tension (dyne per cm) of the phase pairs 
designated by the lines. The two points in the diagram show 
the standard mixtures used in extraction and countercurrent 
distribution. 


TaBLeE I 


Partition of fatty acids and other substances in system 28% water 
(0.083 nw HS0O,), 36% isopropyl alcohol, 36% heptane 
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Phospholipids 
i oh ods 5 AE pce Vr plaaun melas (0.07) (0.04) 
FT 0.9 0.44 
vent. At intermediate acidities the partition follows the dissoci- 


ation curve of carboxylic acids. 

The pH effect can be used in preparative work to eliminate 
triglycerides, cholesterol, and cholesterol esters. A preliminary 
extraction with a neutral extraction mixture, and five washes of 
the lower phase with blank upper phase, will remove neutral fat 
without significant loss of long-chain fatty acid. This step is of 
course unnecessary in determination of fatty acid concentration 
since neutral fats have no effect on the titration. 

The quantity of acid to be used for extraction of various tis- 
sues should be determined by trial with the particular material. 
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Preparations differ in buffer capacity largely because of differ. 
ences in content of protein. If the buffering in a series of ex- 
tractions is variable, it may be convenient to acidify with H;PO, 
which dissociates with pK, = 2.1 and thus provides a suitable 
buffer. 

Partition of Fatty Acids and Some Metabolites in System 28%, 
Water (0.03 w H.SO,), 36% Isopropyl Alcohol, 36% Heptane— 
Table I gives the partition ratios of fatty acids and some meta- 
bolic acids in the standard two-phase system. The “recovery 
factor,” f, in this table shows the fraction of each acid that dis- 
tributes to the heptane phase, relative to the fraction of palmitic 
acid distributed there. 


_ r(4ro + 7) 4.63r 
a ro(4r + 7) 4r+7 





The coefficients 4 and 7 indicate the relative volumes of heptane 
and aqueous phase, respectively; r>=11.0 is the partition ratio 
of palmitic acid, and r is that of the acid being determined. As 
can be seen in Table I this factor is close to unity for fatty acids 
longer than lauric (12:0). The mean recovery factor for fatty 
acid mixtures usually encountered in biological studies can be 
taken as 1.00 without significant error. 

The recovery factor is useful in evaluating the interference 
due to polar organic acids and to cephalins in single extraction 
analysis. For example, lactic acid has a recovery factor of 
0.014. This means that the lactic acid in a preparation will 
register in single extraction analysis as 1.4% of its actual con- 
centration. If a sample of plasma contains lactic acid in con- 
centration of 1 meq per liter, the apparent concentration of long- 
chain acids will be increased by 14 yeq per liter, an insignificant 
amount. If, however, the sample contains 10 to 20 meq per liter 
(as it might under some conditions) the interference would be 
excessive. 

The interference can be easily eliminated by a second extrac- 
tion. If an aliquot of upper phase is transferred to a second tube 
and shaken with blank lower phase (maintaining the 4:7 volume 
ratio), and a palmitic acid standard is treated similarly, the re- 
covery factor becomes f?. As can be seen in Table II, this second 
distribution greatly increases the specificity of analysis. With a 
single extraction, the long-chain fatty acids of normal plasma 
account for 80 to 90% of the measured acidity; the remainder is 
divided between cephalins, lactic acid, and acetic acid. A sec- 
ond distribution increases the specificity. Interference from 
lactic, acetic, and B-hydroxybutyric acids is virtually eliminated 
even under the most extreme conditions likely to be encountered 
in biological material; the high values in Table II represent pos- 
sible concentrations of these acids in plasma after vigorous mus- 
cular work (lactic acid), in ruminants (acetic acid), and in dia- 
betic coma (8-hydroxybutyric and acetoacetic acids). 

A second distribution of the plasma extract should be made 
whenever interference from polar acids is suspected; double ex- 
traction reveals the presence of polar contaminants (by compari- 
son of aliquots taken from upper phase after the first and second 
distributions) and eliminates their interference. It also makes 
the cephalin interference relatively unimportant, but in this 
instance the success of the method depends partly on the low 
initial concentration of cephalins in normal blood plasma (4). 
Some tissues contain huge amounts of cephalins relative to non- 
esterified fatty acids, and for these the double extraction method 
fails. Multiple washing of the extract with blank lower phase 
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TaBLeE II 
Specificity of single and double extraction methods in analysis of plasma 
Usual conditions Exceptional conditions 
f Apparent concentration Apparent concentration 
Actual Actual 
concentration Single Desile concentration Single Double 
extraction extraction extraction extraction 
peq per liter peg per liter | peq per liter peg per liter weg per liter weg per liter 
Long-chain fatty acids....................... 1.00 700 700 700 700 700 700 
Acetic (plus formic and proprionic)........... 0.08 300 24 2 1500 120 10 
NNN 5 ch adc Moves aides weil «tach Sggeiohe ak tae 0.014 1200 17 20,000 280 4 
PONE ein ecco ere epee 0.022 100 2 100 2 
p-hydroxybutyric (plus acetoacetic).......... 0.025 20,000 500 13 
ee ee ree pe 2 sears eaeret =) 0.44 250 | 110 49 250 110 49 
| } 

Total organic asidity .....-. 0020.5. 62.<-. 2550 853 751 42 ,550 1712 776 

Percentage of long-chain fatty acids...... 27 82 93 2 41 90 
would remove the interference, but an appreciable part of the 300 - 
fatty acids would be lost and the fatty acid composition of the 
remainder would be distorted. Countercurrent distribution, as 
described in the next section, avoids this difficulty, and at the 200 
same time discloses the relative proportions of fatty acids and p24, | 
acidic contaminants. / 

Phospholipids in blood and tissues may cause additional dif- 100, 

ficulty by their tendency to hydrolysis (5). The aliquots of 
upper phase should always be removed promptly after formation =a UCU 


of the two-phase extraction system, since additional acid may be 
released from the lower phase. The amount of acid thus gener- 
ated in the usual extraction of plasma appears to be quite small, 
but splitting of phospholipid can cause considerable error in pre- 
parative work. The proportions of different fatty acids con- 
tained in phospholipids differ markedly from those in the non- 
esterified fatty acids of plasma, and the turnover rates of these 
fractions are of different magnitude. 

Countercurrent Distribution—The two-phase extraction sys- 
tem is well suited to countercurrent analysis (6). The phases 
separate rapidly, and fatty acids contained in tissue extracts 
distribute theoretically, without appreciable interaction. The 
independence of distribution was shown by experiments in which 
the fatty acids present in extracts of plasma, red blood cells, and 
liver migrated at the theoretical rate calculated from partition 
coefficients of pure acids (Figs. 2, 3,4). A further test, even more 
sensitive to interaction, confirmed this result. A tracer amount 
of C-palmitic acid was added to extracts of plasma and liver, 
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Fig. 2. Normal human plasma, extracted with the standard 
two-phase system and fractionated by 8-transfer countercurrent 
distribution. 
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Fig. 3. Normal human red blood cells, similarly extracted and 
fractionated. 
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Fic. 4. Normal rat liver, similarly extracted and fractionated. 
The extract represented by the continuous line was made im- 
mediately after sacrifice. A portion of the same liver (dotted 
line) was incubated 2 hrs. at 37°, then extracted and fractionated. 


and to carrier palmitic acid dissolved in the extraction system. 
After eight transfers all three preparations showed essentially 
the same distribution of radioactivity, and this distribution con- 
formed to theory. 

Eight transfers produce an appreciable fractionation of fatty 
acids in the leading tubes. This effect was utilized to determine 
the partition coefficients of fatty acids not available in pure form. 
A mixture of naturally occurring fatty acids was obtained by 
extracting liver with chloroform-methanol (7) and saponifying 
the esters. The mixture was fractionated by eight-transfer coun- 
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tercurrent distribution and the fatty acid compositions of solvent 
phases in the leading tubes were determined by gas-liquid chro- 
matography (8). The relative partition coefficients could be 
calculated from these data since the amount of any fatty acid 
relative to the amount of palmitic acid in each tube varies from 
tube to tube as a linear function of the relative partition ratio. 
The ratio of concentrations plotted against tube position on semi- 
logarithmic paper yields a straight line; the slope gives the rel- 
ative partition ratio and the constancy of the ratio is shown by 
absence of curvature. 

The values thus estimated for saturated fatty acids were es- 
sentially the same as the values found on partition of pure acids. 
The values obtained for unsaturated acids showed the expected 
increase in polarity associated with the presence of double bonds 
(Table I). 


RECOMMENDED PROCEDURES 


Single Extraction Method 


Extraction—To 2 cc of fresh (9) plasma in a glass-stoppered 
tube add 10 cc of the extraction mixture: 1 Nn H.SO, (0.1 vol.), 
heptane (1 vol.), isopropyl alcohol (4 vol.). Shake; allow to 
stand at room temperature about 5 minutes (the exact time not 
critical), and then add water (4 cc) and heptane (6 cc). Shake 
again. The system should separate cleanly into two phases 
within 5 minutes. Take duplicate 3-cc aliquots of upper phase 
without delay and deliver them into 15-cc conical bottomed cen- 
trifuge tubes. 

If material other than plasma is being extracted, the pH of 
the aqueous phase should be checked and if necessary adjusted 
to pH 2.0 to 2.5. 

Standard and Blank—Recrystallized palmitic acid is weighed 
and dissolved in heptane to make a reference solution with known 
concentration. It should be distributed in the extraction system 
with every set of analyses. 









































Fic. 5. Titration assembly 
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The blank extract contains 2 cc of water instead of plasma; 
the standard, 6 cc of palmitic acid solution rather than 6 cc of 
heptane. It is convenient to make the concentration of the pal- 
mitic acid reference solution about 50 mg per liter, which is about 
one-third the concentration of nonesterified fatty acids in plasma, 
and to assign to this solution a nominal value (in ueq per liter) 
three times its actual concentration, so as to allow for the greater 
volume of reference solution in the standard. The concentra- 
tion of fatty acids in plasma is the product of the nominal value 
and the ratio of titrations of unknown and standard extracts, 

Titration—Fig. 5 shows a Gilmont microburette, slightly mod- 
ified. In order to provide access for the centrifuge tubes used 
in titration, it is necessary to cut a scallop from the base under 
the pipette tip. A movable clamp is needed to hold the tube. 
The microburette should be mounted at eye level on a heavy 
stand, and apparatus arranged so that the operator can sit com- 
fortably with elbows on bench top while titrating. Behind the 
tube is a sheet of white paper. In front of it and slightly 
above is a movable fluorescent lamp which can be adjusted by 
the operator to give optimal lighting. 

Nitrogen is washed through a column containing dilute alkali 
and an indicator, and is delivered to the bottom of the titration 
tube through a capillary tube. Fig. 5 shows the stopcock used 
to divert the gas or deliver it into the tube. The alkali wash is 
necessary, even with the purest commercial gas. 

For a sharp end point the alkali used for titration should con- 
tain a minimal amount of carbonate. A suitable reagent can be 
made by taking the clear supernatant of saturated NaOH (which 
has stood quietly for two weeks or longer to settle out insoluble 
carbonates) and diluting it 1:1000 with freshly distilled water. 
Deliver approximately 0.05 cc of the supernatant into a 50-ce 
glass-stoppered cylinder; fill immediately to the mark with the 
CO.-free water; stopper and mix. In general the exact normality 
of the reagent is unimportant since unknown extracts are deter- 
mined by comparison with a standard. If, however, absolute 
rather than relative values are needed the alkali can be standard- 
ized by titrating a suitable amount of standard HCl or H.SQ,. 

The indicator solution is made by diluting 10 volumes of stock 
solution (0.1% thymol blue in water) (10) to 100 volumes with 
freshly redistilled ethanol. The acidity of this solution is im- 
portant. If it is too acid, the blank titration will be excessive; 
if neutral, the solution will take up CO2. In the latter case the 
net titration values for extracts of fatty acids will be too low 
since part of the acidity in the extract will be neutralized by the 
bicarbonate buffer in the indicator solution. It has proven con- 
venient to adjust the acidity (with dilute HCl or with the titra- 
tion alkali) so that 1 ce of indicator solution requires about 10 
liter of titration alkali (about 0.018 Nn) for neutralization. 

A 3-ce aliquot of upper phase is transferred into a 15-ce conical- 
bottomed centrifuge tube, and 1 cc of indicator solution is added 
to it. The tube is mounted so that the burette tip stands just 
above the surface and the gas capillary reaches the bottom. 
When the nitrogen is driven through the tube the burette tip is 
washed by splashing but the tip should not be immersed con- 
tinuously in the solution. The end point (a mustard yellow 
color) is read by stopping the nitrogen flow momentarily to per- 
mit separation of phases. It is quite sharp, and with practice 
should be reproducible to about 1 yliter of alkali in the usual 
titration of plasma. 

Double Extraction Procedure—Extract 4 cc of plasma or aqueous 
extract with double the quantity of reagents used in the single 
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extraction method. Take duplicate 3-cc aliquots of upper phase 
for titration of single extraction acidity, and transfer an 8-cc 
aliquot to another extraction tube. Add 14 cc of blank lower 
phase (the lower phase taken from a blank extraction); mix by 
inverting about 25 times, and after separation of phases take 
duplicate 3-ce aliquots for titration. 

Titrate extracts of standard palmitic acid treated similarly, 
and calculate the apparent fatty acid concentrations given by 
single and double extractions. The re-extraction will decrease 
the concentration of standard and of long-chain fatty acids by 
about 15%. A greater drop in acidity shows the presence of 
interfering polar acid. If its chemical nature is known, its con- 
centration in plasma can be estimated by dividing its recovery 
factor into the change in apparent fatty acid concentration. 

Determination of Total Esterified and Nonesterified Fatty Acids— 
Extract the total lipids with chloroform-methanol (6), or other 
suitable solvent. Take an aliquot containing 2 to 20 umoles of 
esterified fatty acid and remove the solvent by evaporation under 
a stream of nitrogen. Add 0.5 cc of 0.6 n KOH in methanol, 
and reflux in 80° bath for 2 hours. Neutralize with 2 cc of 0.15 
n H.SO, and extract with the reagents and volumes that would be 
used for determination of nonesterified fatty acids in 2 cc of 
plasma. To calculate the total amount of fatty acid yielded by 
the sample use the same standard as in the determination of 
nonesterified fatty acids; calculate as usual to obtain the concen- 
tration of fatty acids in the 2 cc solution after saponification, 
and multiply by 0.002. 

Alternatively, if the lipids are present in dilute aqueous solution 
(e.g. a dilute solution of lipoproteins), it might be more conven- 
ient to add alkali and isopropyl alcohol, saponify in the dilute 
solution, then acidify and shift the system to the two-phase region 
by adding a suitable amount of heptane. 

Countercurrent Analysis—For routine examination of unknown 
extracts it has been convenient to use a 10-tube, all glass, manu- 
ally operated Craig apparatus (6), with 5 cc of upper phase and 
10 cc of lower. Loading the machine, making eight transfers and 
sampling the upper phases (the tenth tube provides a blank) 
requires less than 30 minutes. This procedure divides the or- 
ganic acidity of the extract into three general classes: fatty acids, 
cephalins, and more polar acids. Titration of 3-cc aliquots from 
upper phases and estimation of partition ratios from the position 
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of the peaks provides a measure of the quantities present in the 
original extract. 


SUMMARY 


A single extraction of blood plasma with a two-phase heptane- 
isopropy] alcohol-water system provides sufficient analytical spec- 
ificity for determination of long-chain nonesterified fatty acids 
under usual conditions. If exceptional quantities of lactic, 
acetic, acetoacetic, or 8-hydroxybutyric acids are present, a 
second extraction eliminates their interference. 

The system is also useful for countercurrent distribution. The 
table of partition coefficients of fatty acids and various organic 
acids, given in the present paper, permits one to calculate the 
number of transfers needed for analytical or preparative work. 
As an initial step in studying unknown mixtures, a simple 8- 
transfer procedure, requiring less than one-half hour, separates 
the acidity of an extract into three classes: long-chain fatty acids, 
cephalins, and polar organic acids. 

The phase volume relations and interfacial tensions of the 
ternary system are given. These data map out a family of two- 
phase systems which, like the standard system employed in the 
present work, separate rapidly and cleanly without centrifu- 
gation. 
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In hyperthyroidism the rates of a number of metabolic activi- 
ties are increased. Thus, there is an increase in the rate of 
turnover of liver fat as evidenced by the more rapid synthesis 
and oxidation of fatty acids by liver tissue (1). The rate of 
free fatty acid release from adipose tissue is increased (2) and 
the free fatty acid releasing action of adrenaline is enhanced (3). 
The rate of glucose utilization by tissues in vivo is accelerated 
(4, 5) and the hypoglycemic effect of insulin is accentuated (6). 

Insulin is known to stimulate both glucose utilization and fat 
synthesis in normal adipose tissue (7). The work to be reported 
indicates that insulin is almost twice as effective in stimulating 
glucose utilization in adipose tissue from hyperthyroid rats as 
it is in stimulating glucose utilization in adipose tissue from 
normal rats. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Male white rats (200 to 290 g) which were bred locally and 
maintained on a diet of Victor Fox pellets were used in all ex- 
periments. All rats were housed in separate cages. One group 
of 6 rats was deprived of food for 48 hours before incubation. 
The remainder of the rats was permitted access to food until 
about 1 hour before the incubation. Each day t-thyroxine, 1 
mg per kg, was injected subcutaneously into 28 rats for 20 to 
40 days. Rats were killed by decapitation. Both epididymal 
fat pads were removed and weighed. ‘The tissues were incu- 
bated at 37° in Warburg flasks with 2.9 ml of bicarbonate-buff- 
ered Ringer’s solution (8) containing 3 g/100 ml of bovine 
serum albumin (which had been dialyzed against Ringer’s solu- 
tion) and 0.01 m glucose. The flasks were equilibrated for 5 
minutes at 37° with a gas mixture containing 5% CO2z and 95% 
Os before the addition of insulin. Insulin! (0.1 ml) was added 
from a side bulb to one tissue at zero time; 0.1 ml of albumin- 
containing Ringer’s solution was added to the other tissue. In- 
sulin stock solutions were prepared as described previously (9); 
immediately before use this stock solution was diluted in the 
albumin-containing medium so that final concentrations in the 
incubation medium ranged from 1 to 100,000 micro units per 
ml. Net gas exchange (9) was measured for 3 hours after the 
addition of insulin; this is the balance between oxygen uptake 
and carbon dioxide production (9). Results are expressed as 
umoles of excess COz per mg of nitrogen per 3 hours, excess 
CO: being the amount of CO: produced in excess of that which 
is equivalent to the oxygen uptake. In the control tissues this 


1T am grateful to Dr. O. K. Behrens of Eli Lilly and Company 
for a gift of crystalline zinc insulin. 


has a negative value since oxygen uptake exceeds carbon dioxide 
output. In the results given this value has been corrected for 
any CO: liberated from the buffer by acid produced, 1.e.' by 
lactic acid and free fatty acids. ; 

After 3 hours’ incubation the tissues were removed from the 
media, washed well in water, and their nitrogen content deter- 
mined as described previously (10). The concentration of glu- 
cose in the medium was estimated according to the method of 
Nelson (11) as described before (12). Lactic acid was deter- 
mined in samples of the same protein-free supernatants used 
for the glucose estimations by the method of Barker and Sum- 
merson (13). Free fatty acids in the medium were measured 
according to the method of Dole (14) before and after the incu- 
bation with adipose tissue. The change in free fatty acid con- 
tent of the medium is taken to represent either release or uptake 
of free fatty acid by adipose tissue. 


RESULTS 


Adipose tissue from hyperthyroid rats contains more nitrogen 
per unit of wet weight (mean of 28 estimations: 0.546 + 0.0421 
S.E2 mg of N per 100 mg wet weight of tissue) than does adipose 
tissue from normal rats (mean of 30 estimations: 0.329 + 0.0120 
S.E. mg of N per 100 mg wet weight of tissue) as also does 
adipose tissue from fasting rats (mean of 6 estimations: 0.511 
+ 0.0219 S.E. mg of N per 100 mg wet weight of tissue. Since 
this indicates that both hyperthyroid tissue and tissue from 
fasting rats contain more active cytoplasm per unit of wet 
weight than does normal adipose tissue it was considered pref- 
erable to use milligrams of nitrogen as the reference for com- 
parison of metabolic activities of normal and hyperthyroid 
adipose tissues. 

The effects of insulin (1000 micro units per ml) on glucose 
uptake, excess CO production, free fatty acid release, and lactic 
acid production by adipose tissue from normal and hyperthyroid 
rats are shown in Fig. 1. Unstimulated glucose uptake is similar 
in normal and in hyperthyroid tissues. Insulin more than dou- 
bles this glucose uptake in the normal adipose tissue whereas 
it almost quadruples the glucose uptake by the tissue from the 
hyperthyroid rats. Excess CO: production is typically a nega- 
tive value in unstimulated control tissue and is increased by 
insulin to a positive value. The excess CO: production by the 
hyperthyroid tissue is even more negative than in the normal 
tissue; in fact oxygen uptake exceeded CO output by 11 pmoles 
in 3 hours. This is probably due to the much greater oxygen 


2 The abbreviations used are: R.Q., respiratory quotient; S.E., 
standard error of the mean, and FFA, free fatty acids. 
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Fic. 1. The effect of insulin on glucose uptake, excess CO» production, FFA release, and lactic acid production by adipose tissue 


from normal, hyperthyroid, and fasting rats. 


Bars represent the means of: normal rats, 5 experiments; hyperthyroid rats, 4 experiments; fasting rats, 6 experiments. 


The lines 


are the standard errors of the means. The unmarked bars are the unstimulated control values for one of a pair of epididymal fat pads. 


The marked bars are the values obtained in the presence of insulin, 1000 » units per ml, with the other of the pair of tissues. 


Incuba- 


tion time was 3 hours. The thick black lines represent the insulin effect, i.e. the value with insulin minus the value without insulin. 
The fasting rats had been without food for 48 hours. The incubation medium was bicarbonate-buffered Ringer’s solution containing 


albumin (dialyzed), 3 g/100 ml, and glucose, 0.01 m. 


uptake of adipose tissue from hyperthyroid rats; rough meas- 
urements have indicated that the R.Q. of adipose tissue 
from hyperthyroid rats is similar to that of normal tissue. In- 
sulin increases excess CO2 production even more in hyperthyroid 
tissue; in these experiments excess CO2 production exceeded 
oxygen uptake by 6.6 umoles in 3 hours. As with glucose up- 
take, the insulin effect, 7.e. the value with insulin minus the 
value without insulin, is much greater in tissue from hyperthy- 
roid rats than in tissue from normal rats, The mole for mole 
relationship between the insulin effect on excess CO2 production 
and the insulin effect on glucose uptake in both normal and 
hyperthyroid tissues was quite striking. Lactic acid production 
was similar in the tissue from both normal and hyperthyroid 
rats and was not affected by insulin. 

Free fatty acid release by unstimulated normal tissue is rather 
small and is reduced by insulin by 82%. Free fatty acid release 
by unstimulated tissue from hyperthyroid rats is much greater 
and is completely prevented by insulin; in fact in the presence 
of insulin there was an uptake of free fatty acid from the small 
amount associated with the albumin in the medium. Since 
fasting is known to increase free fatty acid release from adipose 
tissue (15) the insulin effect on free fatty acid release from adi- 
pose tissue of hyperthyroid rats was compared with the insulin 
effect on free fatty acid release from adipose tissue of fasting 
rats. Although the unstimulated free fatty acid release by 
adipose tissue from fasting rats was greater than that observed 





in adipose tissue from normally fed rats (Fig. 1) and the insulin 
effect on this release was quantitatively greater than normal, 
the per cent reduction in free fatty acid release was almost the 
same in tissue from fasting rats (83%) as it was in tissue from 
normally fed rats (82%). The decrease in free fatty acid re- 
lease caused by insulin in tissue from fasting rats was not as 
great as the decrease observed in tissue from hyperthyroid rats 
although the spontaneous release was approximately the same 
in the two groups. 

The effects of insulin on glucose uptake, excess COz produc- 
tion, and lactic acid production were also measured in the ex- 
periments with adipose tissue from fasting rats. The insulin 
effect on glucose uptake and excess CO, production was very 
much smaller than normal (Fig. 1). However, insulin does 
increase lactic acid production by adipose tissue from fasting 
rats whereas it does not alter lactic acid production by adipose 
tissue from normal rats or from hyperthyroid rats. 

Since it was possible that the adipose tissue from the hyper- 
thyroid rats was more sensitive to insulin than adipose tissue 
from normal rats, experiments were carried out to determine 
the dose-response curves for insulin in tissues from normal and 
from hyperthyroid rats. The results of these experiments are 
shown in Figs. 2 and 3. It is clear that the ability of the tissue 
to respond to insulin by increasing glucose uptake and excess 
CO, production is approximately doubled in tissue from hyper- 
thyroid rats (Fig. 2). In addition, a concentration of insulin 
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Fig. 2, Dose-response curves for the effect of insulin on glucose uptake and excess CO» production by adipose tissue from normal 


and from hyperthyroid rats. 


Each point in the normal curve is the mean of 5 experiments. Each point in the hyperthyroid curve is the mean of 4 experiments. 


The lines are the standard errors of the means. The incubation medium and time were the sameas in Fig. 1. 
with insulin minus value without insulin, is plotted against insulin concentration. 
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Fie. 3. Dose-response curve for the effect of insulin on the re- 
lease of FFA by adipose tissue from normal and from hyperthy- 
roid rats. 

The ordinate is the depression of FFA release caused by insu- 
lin, t.e. release without insulin minus release with insulin, (ex- 
pressed as » moles per mg N per 8 hours). 

Experimental details are the same as for Fig. 2. 


Insulin effect, 7.e. value 


(10 micro units per ml) which does not have an effect in tissue 
from normal rats does have an effect on both glucose uptake 
and excess CO, production in tissue from hyperthyroid rats. 
Again there is a mole for mole relationship between the increase 
in glucose uptake and the increase in excess CO: production in 
tissue from both normal and hyperthyroid rats at all concentra- 
tions of insulin used. 

The insulin effect on free fatty acid release by adipose tissue 
from hyperthyroid rats was rather variable. This variability 
was due to the wide range of values for the spontaneous release; 
insulin reduced the release to approximately the same low level 
in all experiments. The dose-response curve for the insulin 
effect on free fatty acid release is shown in Fig. 3. As little as 
1 micro unit of insulin had an effect on free fatty acid release 
by adipose tissue from hyperthyroid rats. Since the magnitude 
of the insulin effect on free fatty acid release by adipose tissue 
from hyperthyroid rats appears to be limited by the magnitude 
of the spontaneous release of free fatty acids no direct compari- 
son can be made of the dose-response curves for the insulin 
effect on free fatty acid release and the dose-response curves 
for the insulin effects on glucose uptake and excess CO: produe- 
tion. The magnitude of the insulin effect on free fatty acid 
release by adipose tissue from normal rats is not limited in this 
way since a further reduction in release would be possible. The 
dose-response curve for the insulin effect on free fatty acid re- 
lease by tissue from normal rats (Fig. 3) can be compared with 
the dose-response curves for the insulin effects on glucose uptake 
and excess CO, production (Fig. 2). It can be seen that they 
are similar. 
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DISCUSSION 


The experiments described indicate clearly that adipose tissue 
from hyperthyroid rats has a greater capacity to respond to 
insulin than adipose tissue from normal rats. The maximal 
effect of insulin on glucose uptake and on excess CO, production 
is approximately doubled in the tissue from the hyperthyroid 
animals. Insulin also has a greater effect in preventing free 
fatty acid release from adipose tissue of hyperthyroid rats. 
This is partly because the spontaneous release is considerably 
higher than in normal tissue, but experiments with tissue from 
fasting rats show that even when spontaneous release is high in 
the euthyroid state the ability of insulin to depress the release 
is not as great as is the case with tissue from hyperthyroid rats. 
Although in appearance (both are dark red) and in spontaneous 
release of free fatty acid the adipose tissues from fasting rats 
and from hyperthyroid rats are similar, the actions of insulin 
on glucose uptake, on excess CO, production, and on lactic acid 
production by these two tissues are quite dissimilar. Whereas 
the insulin effect on glucose uptake and excess CO. production 
by tissue from fasting rats is much less than normal, the insulin 
effect on these phenomena in tissue from hyperthyroid rats is 
much greater than normal. Also insulin increases lactic acid 
production by adipose tissue from fasting rats whereas it does 
not alter lactic acid production by tissue from either normal or 
hyperthyroid rats. 

The significance of the mole for mole relationship between the 
insulin effect on glucose uptake and the insulin effect on excess 
CO. production is not clear. One might suppose that all the 
extra glucose might be metabolized via the pentose phosphate 
pathway with the liberation of 1 mole of CO, for each mole of 
glucose taken up, but this idea is not supported by the findings 
of Winegrad and Renold (16) and Cahill e¢ al. (17) with specifi- 
cally labeled glucose. Their data show that in the presence of 
insulin 43% of the glucose is metabolized via the pentose phos- 
phate pathway and 57% via the Embden-Meyerhof pathway 
and that these proportions are no different from those in the 
unstimulated tissue. Another explanation might be that one 
half of the extra glucose taken up under the influence of insulin 
is metabolized via the pentose phosphate pathway but that 
recycling occurs allowing 2 moles of CO, to be produced for 
each mole of glucose entering this pathway. 

Adipose tissue from hyperthyroid rats releases more free 
fatty acids (2) and adrenaline has a much greater effect on free 
fatty acid release by this tissue than in tissue from normal rats 
(3). Thus, not only does thyroid hormone itself have an effect 
on fat breakdown but it also enhances the action of an agent 
responsible for fat breakdown, namely, adrenaline. Thyroxine 
treatment increases the retention of C from acetate-1-C™ in 
both carcass and liver fatty acids in vivo (18) and increases the 
incorporation of acetate-1-C™ into fatty acids of liver slices in 
nitro (1). Thus, in hyperthyroidism there is not only an increase 
in fat breakdown but also in fat synthesis. 

Thyroxine treatment increases glucose utilization in the whole 
animal (4, 5) and also enhances the hypoglycemic effect of 
insulin (6). The hypoglycemic effect of insulin is also greater 
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in cold-adapted rats (19) which are presumably hyperthyroid. 
The present studies indicate that in vitro the action of insulin is 
greater in adipose tissue from hyperthyroid rats. Thus, thyroid 
hormone also enhances the action of one of the factors associated 
with the building up of fat depot stores, namely, insulin; it in- 
creases the ability of insulin to increase glucose utilization and 
excess CO, production, i.e. to increase R. Q., and one might 
surmise that it also increases the ability of insulin to stimulate 
fat synthesis, although this has not been directly demonstrated 
in the present experiments. 


SUMMARY 


The maximal effect of insulin in vitro on glucose uptake and 
on excess CO, production by adipose tissue from hyperthyroid 
rats is twice as great as its effect on adipose tissue from normal 
rats. The action of insulin to depress free fatty acid release is 
about six times greater in tissue from hyperthyroid rats than in 
tissue from normal rats and about one and one half times as 
great as in tissue from fasting rats. The effect of insulin on 
glucose uptake and excess CO, production in adipose tissue 
from fasting rats is only one third as great as its effect in tissue 
from normal rats. It is apparent that the known effect of thy- 
roid hormone to increase the breakdown of fat not only directly 
but also by enchancing the action of adrenaline, is balanced by 
its action to increase the utilization of glucose and probably the 
synthesis of fat. It does this by increasing the capacity of 
adipose tissue to respond to insulin. 


REFERENCES 

1. Sprrtses, M. A., Mapes, G., anD WEINHOUSE, S., J. Biol. Chem., 
204, 705 (1953). 

2. Scowartz, I. L., anp Desons, A. F., The Physiologist, 2, 
104 (1959). 

3. Desons, A. F., anp Scuwartz, I. L., The Physiologist, 2, 
104 (1959). 

4. Macuo, L., Acta med. Scand., 160, 485 (1958). 

5. CHRISTOPHE, J., AND Mayer, J., Endocrinology, 65, 475 (1959). 

6. Evrick, H., Huan, C. J., Jn., anp Arai, Y., J. Lab. Clin. 
Med., 64, 809 (1959). 

7. WineGrap, A. I., anD Renoxp, A. E., J. Biol. Chem., 288, 
267 (1958). 

8. Kress, H. A., anp HENSELEIT, K., Z. physiol. Chem., 210, 
33 (1932). 


9. Batu, E. G., Martin, D. B., anp Coopsr, O., J. Biol. Chem., 
234, 774 (1959). 

10. Hacen, J. H., anp Batu, E. G., J. Biol. Chem., 284, 781 
(1959). 

11. Netson, N., J. Biol. Chem., 168, 375 (1944). 

12. Hagen, J. H., anp Batu, E. G., J. Biol. Chem., 285, 1545, 
(1960). 

13. Barker, S. B., anp Summerson, W. H., J. Biol. Chem., 188, 
535 (1941). 

14. Doug, V. P., J. Clin. Invest., 36, 150 (1956). 

15. Gorpon, R. 8., Jn., anp Cuprkes, A., Proc. Soc. Exptl. Biol. 
Med., 97, 150 (1958). 

16. WineGrap, A. I., anp Renoxp, A. E., J. Biol. Chem., 233, 
273 (1958). 

17. Cantu, G. F., Jn., Lespozur, B., anp Reno, A. E., J. 
Biol. Chem., 234, 2540 (1959). 

18. Marcui, P., anp Mayer, J., Experientia, 15, 359 (1959). 

19. Baker, D. G., anp Setters, E. A., Am. J. Physiol. 174, 459 
(1953). 








Tue Journat or Bio.ogica, CHEMISTRY 
Vol. 235, No. 9, September 1960 
Printed in U.S.A. 


Sterol Metabolism 


Il. THE OCCURRENCE OF DESMOSTEROL (24-DEHYDROCHOLESTEROL) IN RAT LIVER* 
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Previous work has shown that desmosterol (A*:-cholestadiene- 
38-ol ,24-dehydrocholesterol) accompanies cholesterol in rat 
skin (1), the chick embryo (2), and the barnacle (3), and has 
suggested that it is a terminal precursor of cholesterol. 

Although desmosterol accumulates in the tissues mentioned 
above, attempts to demonstrate it in the liver sterol of untreated 
rats by a chromatographic method capable of visualizing 3 parts 
of desmosterol per 1000 of sterol have failed. Evidence for the 
presence and turnover of desmosterol in liver was therefore 
sought by intraperitoneal injection of rats with acetate-1-C', 
recovering the liver sterols at several intervals thereafter, adding 
unlabeled carrier desmosterol, and determining the quantity of 
carbon activity retained by the desmosterol, purified to constant 
specific activity. 

It will be shown that a significant portion of the activity of 
the higher counting companions (HCC) of cholesterol is present 
in a fraction identical with desmostero] within the limits of the 
chemical and physical techniques employed, and that the time 
course of the distribution of the total digitonin-precipitable ac- 
tivity is consistent with the assumption that desmosterol is a 
terminal precursor of cholesterol in the rat liver. 

After this work was completed, Avigan et al. (4) reported that 
when rats are fed MER-29 (1-[p-(6-diethylaminoethoxy)-pheny]]- 
1-(p-tolyl)-2-(p-chlorophenyl)-ethanol), a compound which in- 
hibits cholesterol biosynthesis (5), desmosterol accumulates in 
the liver to a remarkable degree. 


EXPERIMENTAL PROCEDURE 


Preliminary experiments on two groups of rats killed 15 min- 
utes after intraperitoneal injection of sodium acetate-1-C™ were 
carried out to establish dosage requirements and to determine 
the chemical and physical procedures necessary to yield des- 
mosterol with constant specific activity. Briefly, it was found 
that if only the middle portion of the twice chromatographed 
desmosterol zone was analyzed, no significant change of specific 
activity occurred after recrystallization and bromination. How- 
ever, the above procedures involved discarding more than half of 
the carrier desmosterol. Subsequently, it was found that re- 
crystallization of the complete desmosterol zone efficiently re- 
moved the tailing activity and yielded the larger sample neces- 
sary for bromination techniques. 

Unless stated otherwise, the following procedures were selected 
from the preliminary runs and were employed for the main 


* This investigation was supported in part by a grant (C-2851) 
from the National Cancer Institute, United States Public Health 
Service, and by the American Cancer Society, Rhode Island Divi- 
sion. 


experiments. Male albino rats of the Wistar strain, averaging 
300 g and maintained on a Purina diet, were fasted overnight, 
fed, and given intraperitoneal injections of sodium acetate-1-C" 
3% hours after feeding. The dose consisted of 1 mg of radio- 
acetate (specific activity, 1.03 x 10° c.p.m. per mg) per 50 g of 
body weight. The animals were killed by decapitation and the 
livers were rapidly removed and immediately hydrolyzed under 
nitrogen with approximately 15 mg of unlabeled synthetic 
desmosteryl p-iodobenzoate prepared by the method of Berg- 
mann and Dusza (6). The details of the procedures of hydrol- 
ysis, extraction, digitonide preparation, counting, and cleavage 
have been previously described (1). In each experiment a small 
sample of the crude digitonide was reserved for counting. The 
remainder was cleaved and a known amount of additional syn- 
thetic desmosterol, approximately 65 mg, was added to the re- 
covered sterol. The total mixture was then converted to the 
p-iodobenzoates-I"" esters and chromatographed as previously 
described (7), except that carbon tetrachloride was used ex- 
clusively for transfer to and development of the column. The 
greater polarity of carbon tetrachloride as compared to that of 
Skellysolve C results in a more rapid separation of stery] esters. 
The time required for development of a typical column with 
Skellysolve C was from 30 to 40 hours; with carbon tetrachloride 
the time was reduced to approximately 12 hours. An additional 
advantage is that sulfur-free carbon tetrachloride does not re- 
quire further purification. After resolution, the column was 
sectioned into desmosterol and cholesterol zones, and a “valley” 
zone between these two. Each zone was eluted with benzene. 

Samples of the desmosterol and cholesterol zones were hy- 
drolyzed, converted to digitonides, and counted. The “valley” 
activity, after hydrolysis, was plated out in benzene and counted. 
The remaining desmosteryl ester was rechromatographed, and a 
sample was hydrolyzed and counted.! The remaining ester was 
recrystallized from acetone, and a sample of the crystals (m.p. 
165.5-168°, Kofler) was hydrolyzed and counted. The, remain- 
ing crystals were converted to the p-iodobenzoate tetrabromide 
(2), the dried tetrabromide was converted to the 24,25-di- 
bromide, and the latter recrystallized from ether-acetone (m.p. 
183.5°, with decomposition, Kofler). The 24,25-dibromide ester 
was then debrominated and hydrolyzed, and the final free sterol 
was recrystallized from methanol (m.p. 122°, Kofler) and counted. 
The mother liquors of the bromination and all the mother liquors 
of recrystallizations were debrominated when necessary, hy- 
drolyzed, and counted. 


1 In this and all subsequent instances the sterols were converted 
to digitonides for counting. 
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RESULTS 


The main experiments, the results of which are summarized in 
Tables I, IT, and III, consisted of the analyses of the liver sterols 
of rats killed 5, 15, and 120 minutes after injection of radioacetate. 


TaBLe | 
Specific activity, c.p.m. per mg of digitonide, of liver sterols and 
carrier desmosterol, at various stages of purification, from rats 
killed 5, 15, and 120 minutes after injection of sodium acetate-1-C'* 
Since the amount of carrier desmosterol was held to a minimum 
in order to avoid excessive dilution of activity, it was not feasible 


to obtain the specific activities of sterol from the tetrabromide 
and dibromide esters. 

















Minutes after injection 
Specific activity 
5 15 120 

wands Ste. 20 ES. PR ae Se 65.4) 86.2 | 115.2 
Cholesterol after chromatography........... 18.9) 50.8 | 112.2 

Desmosterol 
After first chromatography................ 43.4} 16.5 | 24.6 
After second chromatography............. 29.0) 14.6 8.6 

Mother liquor (acetone) of recrystalliza- 

WOON 62s saclee. Pen nto e ea ee eee 83.0} 38.0 | 12.5 
After recrystallization from acetone..... 22.4) 8.8 6.6 
Mother liquor of tetrabromide of abovef..| 20.0) 8.2 6.1 
Mother liquor of dibromide from above 

COtserOUnGe.... 5. sc ee kee eee 11.4) 8.2 5.8 
Mother liquor (methanol) of desmosterol 

from above dibromide................. 11.0) —t 5.5 

Final premuct.ccc sins, 2a. Ak. 10.5) 8.0 5.8 














* Corrected for desmosterol carrier. 

t It will be noted that bromination of impure desmostery] p- 
iodobenzoate from the 5-minute run, which yielded digitonide 
with a specific activity of 22.4, gave a mother liquor of sterol 
digitonide with specific activity of only 20.0. Bromination is 
destructive to sterols, so it is probable that bromination rendered 
some of the highly labeled trace compounds nonprecipitable by 
digitonin and thus caused carbon activity to disappear. 

t Final product not recrystallized from methanol. 
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The relevant results of chromatography and of further purifica- 
tion of desmosterol are presented in Table I. A constant specific 
activity of desmosterol was obtained at each of the three time 
intervals. 

To test whether any of the carbon activity measured in the 
purified desmosterol digitonide, especially in the 5-minute run, 
was contained in lanosterol or agnosterol precipitated with des- 
mosterol digitonide and carried through the steps described 
above, advantage was taken of a “washing out” technique. The 
procedure described below is based on the observation that when 
mixtures of desmosterol and comparable amounts of lanostero] 
or agnostero] were converted to digitonides under the conditions 
ordinarily used, the desmosterol digitonide formed at once and 
was relatively insoluble when washed on the filter with 90% 
ethanol, whereas lanosterol and agnosterol digitonides formed 
only after long standing, preferably under refrigeration, and 
were readily dissolved and washed into the filtrate by 90% 
ethanol, leaving desmosterol digitonide behind. 

Accordingly, the desmostero] digitonide sample, 20.56 mg, 
specific activity 11.4 c.p.m., obtained from the mother liquor of 
the dibromide from the 5-minute run on rat liver, was added to 
32.05 mg of inactive lanosterol digitonide. The mixture was 
dissolved in 1 ml] of pyridine, the digitonin precipitated by the 
addition of 30 ml of dry ether, and centrifuged out. The digi- 
tonin was washed with 30 ml of ether, and the combined ether 
solutions were evaporated to dryness. The residue was dis- 
solved in 2 ml of 90% ethanol and treated with 5 ml of 1% 
digitonin in 90% ethanol. A precipitate characteristic of des- 
mostero] digitonide appeared at once. The mixture was allowed 
to stand 4 hours and the precipitate was filtered off and washed 
with two 10 ml portions of 90% ethanol and one 10 ml portion 
of ether-acetone. The final desmosterol digitonide, 19.64 mg, 
had a specific activity of 10.3 + 0.3. Lanosterol was recovered 
from the filtrate and recrystallized from methanol-acetone to 
yield 5.70 mg of crystals (m.p. 140°), which were plated out and 
counted. Calculations based on the total weight of lanosterol 
indicated that it contained approximately 10% of the activity 
initially present in the desmosterol digitonide sample from the 
mother liquor of the dibromide. 


TaBLeE II 


Weight of and activity in crude digitonides and purified desmosterol fractions from rats killed 5, 15, and 120 minutes after injection of 
sodium acetate-1-C'* 














Minutes after injection 

5 15 120 
MIE MEE ES oo. ad cig wueunne secs eca cue ecietha cece des cena 13 12 10 
MOT WONG ME BIE BE gg om oie cp ede reer aN eS ee cata. eipls Sou cidivie geteunn 113 114 74 
Weight of crude liver digitonide (corrected for carrier desmosterol), mg.. 1,046 1,086 695 
Total c.p.m. in crude liver digitonide....................000 0 ccc ccc eeee 68, 410 93,610 80,060 
Weight of liver digitonide chromatographed, mg......................... 990 1,071 674 
Weight of carrier desmosterol chromatographed (as digitonide), mg...... 304 440 307 
Weight of purified desmosterol digitonide, mg........................... 17.0 75.0* 22.7 
Total c.p.m. in carrier desmosterolf................00cccec cee ceecceeeees 3,370 3,570 1,840 
Total c.p.m. in chromatographed cholesterolf.........................-.. 18,740 52,290 73,920 

c.p.m. desmosterol 
|, Pr rUSST a 15.2 6.4 2.4 
c.p.m. (cholesterol + desmosterol) 














* Not recrystallized from methanol. 
t Includes activity in material not chromatographed. 
t Calculated by isotopic dilution. 
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TaBLeE III 


Distribution of activity in sterol fractions of livers of rats killed 
5, 16, and 120 minutes after injection of sodium acetate-1-C'* 











Minutes after injection 
Fractions analyzed 
5 | 15 | 120 
c.p.m./liver 
Crude sterol digitonide......... 5260 7800 8010 
I oo 5. «<5, c'cvats x crepe xe rsée 1440 4360 7390 
ES es. «gree ccaes coe 259 298 184 
Unidentified high counting 
eens 2 ss POET 3561 3142 436 








* Calculated by isotopic dilution. 
t Calculated by difference. 


The desmosterol digitonide sample, 20.93 mg, specific activity 
11.0 c.p.m., recovered from the mother liquor of the final crystals 
from the 5-minute run on rat liver, was mixed with 14.95 mg of 
agnosterol and the mixture was carried through the same steps 
as before. The recrystallized 3.16 mg of agnosterol, m.p. 167°, 
was inactive. The final desmosterol digitonide, 18.94 mg, had a 
specific activity of 10.6 + 0.4. 

Tables ITI and III include values for the total activities for the 
cholesterol and desmosterol; the amount of activity in the un- 
identified higher counting companions is calculated as the dif- 
ference between the sum of the activities of cholesterol and 
desmosterol and that of the crude liver sterol. The above 
distribution of activity can be calculated only if the cholesterol 
content of the crude liver digitonide is known. This can be 
accurately determined by an isotopic dilution technique. A 
trace of synthetic cholesterol-4-C™ was added to unlabeled crude 
hepatic sterol and the mixture was chromatographed. The per- 
centage of cholesterol in the crude liver sterol was calculated by a 
comparison of the specific activity of the crude labeled sterol 
with that of the chromatographically purified cholesterol. The 
values from two livers were 94.1 and 95.5%; their average value 
was used in the calculations presented in Tables II and ITI. 

The data in Table III show that cholesterol constituted 27.4, 
55.9, and 92.3% of the total digitonin-precipitable activity 
present at 5, 15, and 120 minutes respectively; that the desmos- 
terol fraction comprised 4.9, 3.8, and 2.3%; and the remaining 
HCC (by difference), 67.7, 40.3, and 5.4%. The desmosterol 
activity in the combined desmosterol-cholesterol fraction at 
these three time intervals was 15.2, 6.4, and 2.4%, respectively. 
It is of interest that the activity in the desmosterol fraction dis- 
appeared slowly and, at 120 minutes, constituted a maximum of 
30% of the activity of the recovered HCC. 

There is a possibility that the activity in the hepatic desmos- 
terol originates in other organs, especially the intestine. There- 
fore, the small intestines (97 g) of the 13 5-minute rats were 
worked up to yield 871 mg of crude digitonide with a specific 
activity of 30.4 c.p.m. per mg. The bulk (818 mg) of the above 
was cleaved, and desmosterol carrier equivalent to 203 mg of 
desmosterol digitonide was added. The specific activity of the 
desmosterol recovered from double chromatography and sub- 
sequent bromination was constant at 5.3. The specific activity 
of the chromatographed cholesterol was 1.2; the cholesterol 
content of the crude digitonide was assumed to be 95%. The 
distribution of the total activity (2037 c.p.m. per rat) was as 
follows: cholesterol, 3.8%; desmosterol, 4.3%; and unidentified 
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HCC, 91.9%. The low level of desmosterol activity (88 c.p.m, 
per rat) in the intestine precludes the possibility that the activity 
recovered in the liver (298 c.p.m. per rat) was transported from 
the intestine. 


DISCUSSION 


During the initial phase of the biosynthesis of sterol from 
labeled acetate, the major part of the activity in the digitonin. 
precipitable fraction is present in highly labeled trace con- 
stituents which Schwenk and Werthessen (8) have described ag 
higher counting companions (HCC). Subsequently lanosterol 
(9) and A®-*-dimethylcholestadiene-38-ol (10) were identified in 
the HCC of rat liver, zymosterol was found in the HCC of pork 
liver (11), and A*-cholestadiene-38-ol (desmosterol, 24-de- 
hydrocholesterol) was found in the HCC of chick embryos (2). 

All the above mentioned compounds have been shown to be 
cholesterol precursors, and, since they are all A*-unsaturated, 
this evidence suggests that saturation of the side chain is a late 
step in cholesterol biosynthesis, although evidence for alternative 
routes has been presented by Kandutsch and Russell (12) and 
by Wells and Lorah (13). 

The evidence for alternative pathways of lanosterol catabolism 
raises the question as to whether desmosterol is normally present 
in rat liver. Since the low concentration of high counting com- 
panions here precludes their direct isolation, experiments were 
undertaken in which unlabeled desmosterol was added as carrier 
to liver sterol mixtures containing carbon-labeled high counting 
companions. 

Desmosterol is easily and completely separable from cholesterol 
by chromatography of their p-iodobenzoates. This method 
yields cholesterol] with a specific activity which is slightly lower 
than that of the sterol obtained through the dibromide, and 
which is unchanged by subsequent bromination. Other HCC 
are present in both limbs of the desmosterol zone, particularly 
the fast moving limb. In our experience, the location of these 
HCC on the chromatogram corresponds to that of lanosterol and 
agnosterol. Recrystallization of desmosteryl p-iodobenzoate 
from acetone was effective in removing HCC, as evidenced by 
the difference in specific activities between the recrystallized 
compound and its mother liquor. To effect further purification, 
advantage was taken of the favorable properties of desmosteryl 
p-iodobenzoate tetrabromide. Subsequent conversion of the 
tetrabromide to the Schoenheimer 24 ,25-dibromide (2), followed 
by regeneration of desmosterol and recrystallization from meth- 
anol, yielded successive specific activities statistically identical. 
Carrier studies with lanostero] and agnosterol showed that the 
activity in the purified desmosterol was not due to the presence 
of these trimethylsterols. The least one can conclude is that 
a significant portion of the HCC in normal rat liver is a com- 
pound indistinguishable from desmosterol. 

Since the processes involved herein are occurring in an open 
system, only approximate quantitative estimates can be made 
of the concentrations of any of the HCC. The accuracy of these 
estimates may be further reduced when several lots of rats are 
used. However, by use of Loud and Bucher’s arguments (14), 
it can be estimated from the 5- and 15-minute data that the size 
of the “active desmosterol pool’ is approximately 0.2 ug per g 
of liver. 

The structure of desmosterol, the evidence presented by 
Johnston and Bloch (15) that side chain saturation is a late step 
in sterol biosynthesis, and the recent demonstration by Avigan 
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et al. (4) that desmostero] accumulates in the livers of rats and 
the blood of human patients during the inhibition of cholesterol 
biosynthesis by MER-29 suggest that desmosterol is a terminal 
precursor of cholesterol. A comparison of the levels of activity 
found in the desmosterol and cholesterol fraction from rat liver 
at several time intervals after injection points to the same con- 
clusion. 

The disappearance of activity from the desmosterol fraction 
was slow; at the end of 2 hours it constituted a considerable part 
of the remaining HCC. One possible explanation is the existence, 
in the liver, of a relatively inert desmosterol fraction which traps 
activity. This is known to be the case for squalene in rat liver 
(15) and hen’s ovarian membranes (16). This is also probably 
true for lanosterol in hog liver (17), where its concentration (3 
parts per 1000 of cholesterol) is much higher than would be 
anticipated from the rate studies mentioned above. 


SUMMARY 


1. It has been shown by use of reverse isotope dilution tech- 
niques that a significant quantity of activity, indistinguishable 
from desmosterol (24-dehydrocholesterol), is present in the 
higher counting companions of cholesterol in the livers of rats 
previously injected with sodium acetate-1-C™. 

2. The distribution of activity among cholesterol, desmosterol, 
and other higher counting companions at 5, 15, and 120 minutes 
after injection suggests that desmosterol is a final precursor of 
cholesterol. 
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Recent studies (1-4) have shown that enzymes which cata- 
lyze the sequence 5-pregnene-3a-ol-20-one — progesterone — 
17a-hydroxyprogesterone exist in all organs which synthesize 
steroid hormones. The testes also contain enzyme systems 
which will cleave the 2-carbon side chain from 17a-hydroxypro- 
gesterone to form androstenedione and testosterone (2, 5); the 
placenta and ovaries can further convert these to estradiol and 
estrone (6-8), and the adrenal cortex can hydroxylate 17a-hy- 
droxyprogesterone at carbons 11 and 21 to form cortisol (9, 10). 
These reactions, although resulting in the characteristic hor- 
mones of each tissue, may not be exclusive to the tissue secret- 
ing the particular type of hormone. The adrenal cortex, for 
instance, secretes small amounts of androstenedione (11), and 
estrone has been isolated from adrenal extracts (12); moreover, 
adrenal homogenates will form small amounts of estrone from 
androstenedione via 19-hydroxyandrostenedione (13, 14). The 
testes form estrogens (15). Abnormal growths in one endocrine 
gland can secrete hormones characteristic of another and can be 
shown to catalyze reactions leading to these hormones (16, 17). 

The possibility exists that the differences between normal tis- 
sues in their ability to synthesize steroid hormones are actually 
quantitative rather than qualitative, and that abnormal growths 
of endocrine organs could synthesize in abnormal amounts those 
enzymes existing in the normal gland in small quantities. If 
this were true, the 21- and 118-hydroxylases characteristic of 
the adrenal cortex should also be found in small amounts in 
normal testis and ovarian tissue as well as in tumors of these 
organs. The present experiments demonstrate that malignant 
interstitial cell tumors of the testis produced in mice by chronic 
estrogenization and normal testes from mice and rats contain 
a 21-hydroxylase. This finding supports the hypothesis that 
the differences among the biosynthetic systems in the different 
cells forming steroid hormones are quantitative rather than 
qualitative. 


EXPERIMENTAL PROCEDURE 


The tumors used in these experiments were produced by ad- 
ministration of estrogens to male mice of the BALB/c strain. 


* This investigation was supported by Grant C-3950 from the 
National Institutes of Health to the University of Colorado, and 
by grants from the American Cancer Society and the National 
Cancer Institute to the University of Utah. 

t Present address: Southwest Foundation for Research and 
Education, San Antonio, Texas. 

t Present address: American Medical Center at Denver, Den- 
ver, Colorado. 


When these tumors are transplanted to mice of the same strain, 
they grow if the endocrine environment is properly adjusted, 
and may show varying hormonal activities; some show no evi- 
dence of hormone production (18). Of the two tumors used in 
the present experiments, No. 4061, although showing no evi- 
dence of androgen production, produced compounds with 
progestational activity, whereas No. 164041 produced andro- 
genically active compounds in considerable quantities. Normal 
mouse testicular tissue was obtained from adult males of the 
same strain used for the production of the interstitial cell tu- 
mors. 

All animals were killed by decapitation. The testes were re- 
moved from the scrotum, the tunica albuginea was removed, and 
the remaining tissue weighed and dropped into an ice-cold me- 
dium consisting of equal parts of bovine serum albumin and 
Krebs-Henseleit bicarbonate buffer, pH 7.4, containing 0.04 m 
nicotinamide. The tumor nodules were dissected free of sur- 
rounding tissue and immersed immediately in ice-cold serum- 
buffer. The tissues were homogenized in the serum-buffer mix 
ture with a TenBroek homogenizer. 

The substrates used were progesterone-4-C4, 2.0 mc per 
mmole, and 17a-hydroxyprogesterone-21-C™, 2.0 mc per mmole. 
The purity of these was checked by chromatography in three 
different systems to detect more or less polar impurities. Also, 
aliquots were acetylated with acetic anhydride in pyridine at 
room temperature to determine the presence of easily acetylable 
steroids. Less than 0.1% of impurities was present in either 
substrate. The desired amounts of these steroids dissolved in 
0.2 ml of ethanol were pipetted into 50-ml glass-stoppered flasks, 
hereafter referred to as incubation flasks. In most incubations 
the medium used was the same as that for the homogenization, 
containing in addition in the concentrations indicated, ATP, 
0.4 mm; DPN, 0.4 mm; and sodium fumarate, 1.0 mm. The 
final volume of the incubation mixture was either 10 ml or 20 
ml. In certain experiments, both the homogenization and in- 
cubation were carried out in the bicarbonate buffer without 
bovine serum, in others a TPNH-generating system (19) was 
introduced into the incubation flask. The results did not differ 
significantly from those obtained with the general incubation 
system. 

Incubation was carried out at 36.5° for 3 hours in an atmos- 
phere of 95% O25% COs. At the end of the incubation, the 
contents of each flask were acidified to a pH of less than 1, 20 
ml of a 4:1 mixture of ether-chloroform (volume for volume) 
were added, and the whole shaken to remove the major portion 
of the steroid from the aqueous phase. The aqueous layer was 
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extracted five times with 20 ml of ether-chloroform mixture, 
and the combined extracts were washed once with 1% sodium 
bicarbonate and then with water to neutrality. The combined 
washes were back extracted once with ether-chloroform. The 
combined ether-chloroform extract was then evaporated to 
dryness under nitrogen and chromatographed on paper with 
various Zaffaroni formamide systems (20) with addition of un- 
labeled steroids expected to be present. 

The individual steroids isolated from the incubations were 
identified by comparison with known unlabeled compounds in 
more than one chromatography system, and by the chromato- 
graphic characteristics of the acetates and oxidation products 
when such could be formed. Acetylation was carried out at 
room temperature for 24 hours with acetic anhydride-pyridine, 
1:5 (volume for volume). When the original compound was 
regenerated from the acetate, saponification was carried out by 
dissolving the sample in 1 ml of methanol and adding 1 ml of 
2.5% NasCOs3in water. The mixture was then allowed to stand 
at room temperature for 1 hour. The methanol was removed by 
evaporation under nitrogen, and the aqueous residue was ex- 
tracted with chloroform. Oxidation was with 0.4% chromic 
acid in glacial acetic acid for 12 hours at room temperature. 
Finally, the compounds were recrystallized with known car- 
rier to constant specific activity (c.p.m. per mg). Counting 
was done on aluminum planchets in a windowless gas flow 
counter with a background of 15 to 18 c.p.m. Each planchet 
contained 1 to 1.5 mg of compound and 2 or 3 planchets were 
prepared from each recrystallization. Counting was carried 
out with both background and sample to an accuracy of 5% in 
all specimens where the activity was 100 c.p.m. or higher, and 
to 10% accuracy in the range of 20 to 40 c.p.m. 

As seen in Table I, when incubations were carried out by the 
standard procedure, the major product formed from progesterone 
by tumor No. 4061 was DOC; no significant 17a-hydroxylation 
or side chain cleavage occurred. When 17a-hydroxyprogester- 
one was the substrate, the major product was 11-deoxycortisol 
(Reichstein’s substance 8). Tumor No. 164041 had both 17a- 
hydroxylase and side chain cleaving activity, but also produced 
DOC. The identity of DOC was established by recrystalliza- 
tion of DOCA to constant specific activities (Table II). 

In view of these findings, an experiment was carried out to 
determine whether the tumors were actually secreting a com- 
pound with the biological activity of DOC. A group of 111 
adult female mice of the same age was ovariectomized. Tumor 
No. 4061 was transplanted into 25 animals of this group. After 
the majority of the transplants had reached more than 5 mm in 
diameter these mice were adrenalectomized and given 1% KCl 
to drink. Tumor No. 164041 was transplanted into 38 mice. 
When the transplants had reached approximately 1 cm in diam- 
eter, these animals were adrenalectomized and given 1% KCl 
todrink. Forty-eight mice without tumors were also adrenalec- 
tomized and given the 1% KCl. Of the 48 controls not bearing 
any tumor, 38 died by the 10th day after adrenalectomy; ne- 
cropsy examination of the survivors revealed all to have signifi- 
cant “adrenal rest” tissue. Of the 25 mice bearing tumor No. 
4061, 20 lived for 2 weeks and 18 were alive on the 21st day, at 
which time the experiment was terminated. Of the 38 animals 
bearing tumor No. 164041, 23 survived for 2 weeks. 


‘The abbreviations used are: DOC, deoxycorticosterone; and 
DOCA, deoxycorticosterone acetate. 
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Since the survival of animals bearing each of the tumors was 
significantly better than that of nontumor-bearing animals 
(p < 0.001), it would appear that these tumors actually were 
secreting some steroid that was capable of protecting the adrenal- 
ectomized animal against a potassium load, and the data sug- 
gest that tumor No. 4061 was more effective in this regard 
(p = 0.10). In order to be sure that this was not some non- 
specific effect of testicular interstitial cell tumors, a third tumor, 


TABLE I 
Products formed by incubation of testicular interstitial cell tumor 
homogenates with progesterone-4-C™ or 
17a-hydrozyprogesterone-21-C™ 

Each flask contained homogenate equivalent to 100 mg of tissue, 
0.04 nicotinamide, 0.4 mu DPN, 0.4 mm ATP, 1.0 mm Na fuma- 
rate, and Krebs-Henseleit bicarbonate buffer, pH 7.4, to a total 
volume of 10 ml. Incubation was for 3 hours at 36.5° in an at- 
mosphere of 95% O2-5% COsx. 





Tumor No. 





4061 | 164041 





Transplant Generation 





Steroids isolated 6 | 13 13 | 13 | 6 | 31 | 31 





Substrate (mymoles) 








Prog. .|Prog. 5 —|Prog.| Prog. 

iF SF as | ow | Bala Rs 

. mumoles mumoles 
Progesterone (Prog.)......... 8.5|23.3/97.3/196.0| —* | 9.8|168.0 


11-Deoxycorticosterone 


CI) oo 9's SONNE ce nciek 2.9) 1.6) 2.0} 2.6) - | 0.7| 2.0 
68-Hydroxyprogesterone......| 1.8 -{| - |= ./0.2 1.2 
17a-Hydroxyprogesterone 

SEMIN cbse sci aereln.s. Cassin -|}-|]-]| - |18.2) 4.5] 7.8 
4-Androstene-3,17-dione...... -j|-|j- - 8.0} 12.6 
a -|-|-|- 1.6; 1.4 
11-Deoxycortisol......:...... — | - Peeler B98] <3: 1.- 
68 ,17a-Dihydroxyprogester- 

NS ig iia Aa, S AP Cataract ae -|-|/- - | 1.2) - - 
RN eco 1anSess shinvovsbcccbatea tee 2.7; - | 0.7) 1.4) 3.7) 0.4) 7.2 


























* The symbol (—) indicates that no more than 0.2 mumole could 
be present. 

t The term ‘‘Origin’’ refers to radioactivity remaining at the 
line of application in the most polar chromatographic system used. 
The nature of these compounds is unknown; in some instances 
they seem to be artifacts. 


TaB.e II 
Recrystallization of DOCA prepared from 
incubations with tumor No. 4061 








The recrystallization was carried out in hexane-methanol. The 
amount of unlabeled DOCA added was 20 mg. 
Sample 1 Sample 2 
¢.p.m./mg 
IN iii ait hncrceteianmnaneete 144 169 
Ist Recrystallization................ 131 164 
2nd Recrystallization............... 123 164 
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No. 4092, which was producing estrogenically and progesta- 
tionally active compounds, but which on incubation appeared 
to contain no 21-hydroxylase, was transplanted into 12 female 
animals. When the tumor had reached good size, these animals 
were also adrenalectomized and ovariectomized and placed on 
the 1% potassium chloride drinking water. By the 10th day 
after operation, 9 of the animals had died, indicating no protec- 
tive effect of this tumor. 

In an attempt to establish that tumor No. 4061 truly was 
secreting DOC, 27 BALB/c female mice bearing palpable tumor 
transplants were subjected to combined adrenalectomy-ovariec- 
tomy. One week later they were reanesthetized, the thorax 
opened, the inferior vena cava and thoracic aorta severed, and 
blood collected with heparin as an anticoagulant. To obtain 
“control plasma,’’ 29 female mice of the same strain and of a 
similar age were subjected to combined adrenalectomy-ovariec- 
tomy and placed on 0.85% sodium chloride drinking water in 
an attempt to reduce dehydration; 48 hours later blood was 
collected in the same manner as indicated above. Blood was 
also collected from 29 normal intact female animals of the same 
strain and age. In all three instances the plasma was separated 
from the red blood cells by centrifugation, diluted with 1 volume 
of H.O, extracted with chloroform, and the extracts taken to 
dryness in an atmosphere of nitrogen. 

The three extracts were then chromatographed on previously 
washed paper. Samples containing 1 wg and 2 wg of DOC, 
respectively, were run in parallel to determine recovery. A 
mixture of 100 ug of DOC and 100 yg of corticosterone was also 
chromatographed on parallel paper strips in order to locate the 








Tasie III 
Deoxycorticosterone and corticosterone in mouse plasma 
Volume Corti- 
Conditions of mice of DOC coster- 
plasma one 
ug/100 
ml ml 
plasma 
Adrenalectomized and ovariectomized, 
bearing tumor no. 4061................. 9.8| 3.4 0 
Adrenalectomized and ovariectomized. ...| 7.9 0 0 
tl A AB ey al aes § ae ie Mit a 11.0 | Trace* | 14.1 














* The limit of detection was 0.3 ug/100 ml of plasma. 


TaBLeE IV 
Recrystallization of DOCA prepared from plasma of mice 
bearing tumor No. 4061 

Carrier DOCA, 20 mg, was added to 1110 c.p.m. of plasma 
DOCA prepared from acetic anhydride-1-C'*. Recrystallization 
was done from hexane-methanol. The first series of recrystalli- 
zations was carried out (Series 1), the crystals and mother liquors 
were then recombined, and the recrystallizations carried out again 
(Series 2) to establish the validity of the first values at these low 
specific activities. 








Series 1 Series 2 
c.p.m./mg 
a ee 73 62 
Ist Recrystallization.................. 45 40 
2nd Recrystallization................. 22 28 
3rd Recrystallization................. 24 25 
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position of the areas on the chromatograms of the plasma ex- 
tracts corresponding to these steroids. The zones where DOC 
and corticosterone should be present were eluted and the eluates 
evaporated to dryness under nitrogen. The residues were dis- 
solved in CHCl; and partitioned against water. The CHC), 
extracts were evaporated to dryness under nitrogen and the regi- 
dues were acetylated with acetic anhydride-1-C™ in pyridine at 
room temperature for 48 hours (21). The acetylated samples 
were chromatographed with 200 wg each of unlabeled DOCA and 
corticosterone acetate added as internal references. 

The chromatograms were scanned in a strip counter to localize 
radioactive zones and the amounts of radioactivity in the un- 
known samples were compared with those resulting from the 
acetylation and chromatography of the 1 wg and 2 wg samples of 
authentic DOC used as recovery standards. The amounts of 
plasma used and the concentrations of corticosterone and deoxy- 
corticosterone calculated from their radioactive acetates are 
given in Table III. Corticosterone was identified in the plasma 
of the nonadrenalectomized animals at the level expected (22), 
but no identifiable amounts were present in either of the adrenal- 
ectomized groups. On the other hand, measurable DOC was 
found only in the plasma from adrenalectomized animals carry- 
ing the tumor transplants. 

To determine that the compound found in the plasma of 
these animals actually was DOC, a recrystallization of the radio- 
active acetate was carried out. The results are given in Table 
IV. Although there appeared to be a significant contamination 
in the original material, the specific radioactivity became con- 
stant after the second recrystallization. It seems, therefore. 
highly probable that DOC was present in the blood of the ani- 
mals bearing the tumor, and therefore that the animals were 
protected from potassium load because the tumor was secreting 
this material. 

These results seem to establish that tumor No. 4061, and 
probably also tumor No. 164041, did indeed carry out 21-hy- 
droxylation of progesterone and released deoxycorticosterone 
into the circulation. Although these tumors conceivably could 
have arisen from “adrenal rest” tissue within the testis, the 
method of production makes this extremely unlikely since 80% 
of the males develop testicular tumors, but no adrenocortical 
tumors have been observed. Moreover, no evidence of 11f- 
hydroxylated compounds was found either in the incubations 
in vitro or, in the case of tumor No. 4061, in the peripheral blood. 
Furthermore, tumor No. 164041 was producing large amounts 
of androgenically active compounds in vivo, and both 4-andros- 
tenedione and testosterone were formed from progesterone in 
vitro. It seems almost certain, therefore, that these tumors 
arose from testicular interstitial cells. Either a new enzyme 
appeared during tumorigenesis, subsequent serial transplanta- 
tion, or both, or 21-hydroxylase is present at low levels in nor- 
mal interstitial cells. 

Incubations of progesterone-4-C™ were, therefore, carried out 
with homogenates of normal testes from mice of the same strain 
on four different occasions over a period of a year. As shown 
in Table V, in addition to the products normally found with 
incubations of testes homogenates (17a-hydroxyprogesterone, 
androstenedione, and testosterone (2)), small amounts of radio- 
activity behaving chromatographically like DOC were also 
found. 

For each incubation the eluates from the DOC regions of all 
chromatograms were pooled and identification procedures car- 
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TABLE V 
Compounds formed on incubation of normal mouse testis 
homogenates with progesterone-4-C' 

Each incubation flask contained 200 mumoles of progesterone- 
4-C'4 (2 we per umole), homogenate equivalent to 200 mg of testis, 
0.04 M nicotinamide, 0.4mm DPN, 0.4 mm ATP, 1 mm Na fumarate, 
and Krebs-Henseleit bicarbonate buffer, pH 7.4, to make 10 ml. 
Incubation carried out for 3 hours at 36.5° in atmosphere of 95% 
02-5% CO. 

















Incubation No. 
Compounds isolated 
1 | 2 | 3 | 4 
myumoles 
Ln Santee A as ay ela 152.5 | 142.6 | 131.9 | 153.8 
17a-Hydroxyprogesterone........ 26.6 | 29.2] 35.1 | 23.9 
4-Androstenedione............... 7.1 7.6 8.7 4.7 
TentePUl A dian hh iF 7.7 3.7 7.8 2.9 
Deoxycorticosterone............. 3.2 1.4 2.1 1.1 
TaBLeE VI 


Recrystallization of DOCA isolated from incubations of normal 
mouse testis homogenates with progesterone-4-C' 
Recrystallizations carried out in hexane-methanol with 10 mg 
of DOCA as carrier. 














Incubation No.* 
1 | 2 } s | « 
c.p.m./mg 
EE i552, OR OR 255 129 190 218 
lst Recrystallization............. 192 117 153 191 
2nd Recrystallization............ 170 109 164 176 
3rd Recrystallization............ 190 100 147 187 
4th Recrystallization............ 104 155 180 





* Incubation Nos. represent same incubations as in Table V. 


Tasie VII 
Steroids isolated from incubation of rat testis homogenate 
with progesterone-4-C'* 

Progesterone-4-C™, 2.5 ymoles, and homogenized rat testes, 12 
g, in 160 ml of Krebs-Henseleit bicarbonate buffer containing 0.4 
M nicotinamide, 0.4 mm DPN, 0.4 mm ATP, and 1.0 mm Na fuma- 
rate were distributed equally among eight 125-ml incubation 
flasks. Incubation was for 3 hours at 36.5° in an atmosphere of 
95% O2-5% CO. 














Distribution of 
radioactivity 
% 
ee Ee NG eet ne SLC 4.2 
SAE OREM i EIN rebel abe 4.4 
17a ,208-Dihydroxy-pregn-4-ene-3-one.......... 1.0 
l7a-Hydroxyprogesterone...................... 28.5 
11-Deoxycorticosterone (DOC)................ 3.2 
UCMUN F002 Fs So eh SOA 4.8 
S-Androstenedione. - .. . 3... ec ct eee eee 50.1 
RONNIE o6.c5 visas. Deawnvesasbeen Gxeeeeat 3.8 
ried out. Not only did the free compounds, the acetates, and 


the chromic acid oxidation products show the chromatographic 
behavior of DOC and its derivatives, but recrystallization of the 
acetates with authentic DOCA showed constant specific activity 
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(Table VI). It seems established therefore that a small amount 
of 21-hydroxylase activity was present in the normal mouse 
testis. 

Although the evidence indicated that 21-hydroxylation was a 
normal, although minor, function of the mouse testes, the activ- 
ity might be peculiar to this species. Incubations were, there- 
fore, carried out with progesterone-4-C™ with use of homogenates 
of adult rat testes as the enzyme source. The results are given 
in Table VII. Small amounts of radioactivity were found in 
the region of DOC and 11-deoxycortisol. The same procedures 
again demonstrated the identity of these steroids (Table VII). 

From these results it seems that the normal rodent testis has 
21-hydroxylating activity. 


DISCUSSION 


The finding of 21-hydroxylase in homogenates of normal 
testes does not prove that the interstitial cells which are the 
source of androgenic hormones necessarily contain this enzyme. 
The testis is a complex tissue and the interstitial cells make up 
only a.small proportion of the total. In view, however, of the 
presence of the enzyme in tumors which are known to arise from 
the interstitial cells it seems probable that it is found in these 
cells normally, together with the enzymes involved in the syn- 
thesis of androgens. 

The only known enzyme system involved in steroid biosyn- 
thesis that is apparently confined to a single normal steroid 
hormone-producing tissue is the 118-hydroxylase of the adrenal 
cortex. 118-Hydroxylating activity has been reported in tu- 
mors of the human testes, but here the question always arises 
whether these were actually tumors of the interstitial cells or had 
arisen from “adrenal rest” tissue (17). The 118-hydroxylase 
system differs from the other enzymes involved in steroid biosyn- 
thesis in being mainly mitochondrial in origin; all others are either 
microsomal or dissolved in the cytoplasm. It may be that 
more careful search for its presence in the mitochondria may 
reveal small amounts in the other normal tissues. In any case 
it would appear that the microsomal and soluble enzymes in- 
volved in steroid biosynthesis are distributed throughout the 
steroid-forming tissues. 

Such enzymes are present quite early in the development of 
the embryo (23). Since the embryonal cells from which all 
these tissues are formed arise in regions adjacent to the germinal 
ridge, it may well be that the early enzymic pattern is similar 
and that the relative development of the various steroid-syn- 
thesizing enzymes in the different tissues is a result of the proc- 
ess of differentiation. 

The presence of different relative amounts of 21-hydroxylase 
activity in malignant tumors arising from testicular interstitial 
cells compared with the small but relatively constant amount 
of this activity in normal testes supports the concept that the 
malignant change is associated with a disorganization of the 
enzyme-synthesizing processes, including those involved in 
specific differential function as well as those connected with the 
general processes of cellular metabolism. On the other hand, 
the relative constancy of the amount of this enzyme in these 
tumors during several generations indicates that the duplication 
of the enzyme pattern within the tumor cell can be fairly stable 
once the disorganization associated with the inception of malig- 
nancy has occurred. In view of their rapid multiplication, 
further mutations probably do not occur more frequently per 
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cell division than might be expected in other rapidly growing 
tissues. 


SUMMARY 


Small amounts of deoxycorticosterone-4-C“ were formed when 
progesterone-4-C“ was incubated with homogenates of normal 
mouse and rat testis. This activity was found in larger relative 
amounts in transplants of two tumors induced in testicular inter- 
stitial cells of mice by chronic estrogenization. In one tumor 
deoxycorticosterone was the major product formed from pro- 
gesterone. It was shown that this tumor actually secreted the 
compound into the circulation of the mice in which the tumors 
were growing. This enzymic activity remained relatively con- 
stant in the two tumors over several transplant generations. 
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The cleavage of gelatin to smaller molecular units by aqueous 
hydroxylamine or hydrazine under relatively mild conditions of 
temperature and pH has suggested the existence of “ester-like” 
or imide linkages in this protein (1). The amide bonds of gelatin 
were cleaved only to a minor extent and could not account for 
the large change in molecular weight. It is known, however, 
that prolonged treatment of proteins with hydroxylamine or 
hydrazine under more drastic conditions results in cleavage of 
amides (2) and certain peptide bonds (3, 4), and concomitant 
formation of hydroxamates or hydrazides. 

Esterification of free carboxyl groups of proteins followed by 
their conversion to hydroxamates or hydrazides presents useful 
analytical possibilities. Proteins modified in this manner may 
then be analyzed for hydroxamate or hydrazide by one of the 
methods to be described below, and allowed to react with fluoro- 
dinitrobenzene to form dinitrophenyl derivatives. The di- 
nitrophenylhydroxamate derivatives may be made to undergo a 
Lossen rearrangement as described for model compounds and 
gelatin in another paper. 

The present communication outlines methods for quantitative 
estimation of hydroxamate and hydrazide groups of model com- 
pounds, and describes a procedure for dinitrophenylation of 
hydroxamates, hydrazides, oximes, and amidoximes. Some 
properties of the dinitrophenyl derivatives are also described. 


EXPERIMENTAL PROCEDURES 


Estimation of Hydroxamate with Ferric Ion 


This method is a modification of that described by Hill (5) for 
fatty acid esters, and is used when excess hydroxylamine has been 
removed, e.g. by dialysis or solvent extraction. When hydroxyl- 
amine is present the method of Lipmann and Tuttle (6) is em- 
ployed. 

Reagent—With the aid of heat, 0.8 g of pure iron wire is dis- 
solved in 10 ml of 60% perchloric acid, and the warm solution 
brought to 100 ml with ethanol. Before use the reagent is 
diluted with an equal volume of water. 

Procedure—The solution (1 ml) containing 0.2 to 2 wmoles of 
hydroxamate is mixed with 2 ml of diluted reagent. After 5 
minutes it is read in a Beckman DU spectrophotometer at 505 


*This work was supported by grants from the National In- 
stitutes of Health, United States Public Health Service (A-1503, 
A-3172, H-4762), the National Science Foundation (G-4348), and 
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my against a reagent blank. A standard of 1.0 umole of acet- 
hydroxamate is read at the same time; this is found to have an 
absorbance of 0.35. Standard curves exhibit linearity even at 
absorbance of 2.0. 

When applied to certain proteins the reagent may cause pre- 
cipitation due to the presence of aleohol and perchloric acid; 
this difficulty is obviated by use of reagent diluted 3-fold with 
water, and no loss of sensitivity results. 


Estimation of Hydroxamate by Formation of Nitrite! 


The procedure is that of Bergmann and Segal (7) in which 
nitrite, formed by oxidation of hydroxamate with iodine, is 
measured. The nitrite is next allowed to react with sulfanilic 
acid, and the resulting diazonium compound is coupled with 
a-naphthylamine to yield a colored derivative. Because hy- 
droxylamine itself undergoes an identical oxidation, samples for 
analysis must be free of that substance; in the case of proteins 
this is accomplished by dialysis, and an aliquot of final dialysis 
medium is used in a separate blank determination. Sodium 
nitrite may be used as a direct standard, and hydroxylamine 
hydrochloride and acethydroxamic acid as indirect standards. 

Reagents—(a) Sodium acetate solution (6%) (weight per vol- 
ume); (b) sulfanilic acid (1%) in 25% (volume for volume) 
acetic acid; (c) iodine (1.3%) in glacial acetic acid; (d) sodium 
thiosulfate solution (0.1 N); and (e) a-naphthylamine (0.6%) in 
30% (volume for volume) acetic acid. 

Procedure—The sample (1 ml) containing no more than 0.15 
umole of hydroxamate is placed in a colorimeter tube (1.5 cm 
diameter), and to it is added 4 ml of sodium acetate solution. 
Next is added 0.5 ml of sulfanilic acid reagent followed by 0.25 
ml of iodine solution. The mixture is allowed to stand from 4 
to 10 minutes, and 0.1 to 0.15 ml of thiosulfate solution is added, 
sufficient to decolorize the iodine. To the mixture is then added 
0.1 ml of naphthylamine reagent, and the contents mixed. The 
total volume of the test is adjusted to 6.0 ml with water, and the 
mixture allowed to stand for 10 minutes. Absorbance is then 
determined against a reagent blank at 520 my. A standard 
curve is determined with each set of unknowns. 


1 Since submission of this manuscript a paper has appeared (see 
Reference 6a) which describes a procedure based upon regulation 
of pH by which hydroxamic acids may be determined by iodine 
oxidation in the presence of a moderate excess of free hydroxyl- 
amine. 
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Carried through this procedure sodium nitrite, hydroxylamine 
hydrochloride, and acethydroxamic acid, used in equimolar 
quantities, all yield the same degree of color. Standard curves 
are linear to 0.15 umole, and 0.1 ywmole of standard gives an 
optical density of 0.4 to 0.5 when measured in 1.5-cm tubes. 
Under the conditions of oxidation described, ald- and ketoximes 
are not measured, but amidoximes give full color. However, if 
treatment with iodine is extended to 2 hours, 50% of theoretical 
nitrite is measured with ald- and ketoximes; full color is ob- 
tained only if these oximes are treated first with HCl to release, 
by hydrolysis, the theoretical amount of hydroxylamine. 

A large excess (20-fold) of compounds containing amino groups 
in the reaction medium interferes to some extent by competing 
with sulfanilic acid for nitrite produced. 


Estimation of Hydroxamate by Reaction with Indole 


This method stems from observations made in this laboratory 
that under defined conditions hydroxylamine reacts with excess 
pyrrole or indole to yield a colored derivative. The reaction 
with indole has been modified for determination of hydroxamates. 
Because only free hydroxylamine reacts, hydroxamates must 
first be hydrolyzed; and, as with the nitrite test described above, 
proteins previously treated with hydroxylamine must be dialyzed 
exhaustively before undergoing analysis; or, alternatively, they 
must be precipitated from solution with methanol and washed 
with that solvent. Hydroxylamine hydrochloride is used as a 
direct standard, whereas acethydroxamic acid is a standard car- 
ried through the procedure to establish that hydrolysis has been 
complete. ~ 

Reagents—(a) HCl (2 n); (6) NaOH (4 nN); (c) indole (0.20%) 
in water; and (d) sulfuric acid (4 N). 

Procedure—The sample (1 ml) containing from 0.1 to 1 umole 
of hydroxamate is placed in a tube to which is then added 1 ml 
of 2 N HCl; the tube is covered with a marble and held in a boil- 
ing water bath for 3 hours. After cooling, the mixture receives 
1 ml of 4 n NaOH followed by 2 ml of indole solution; contents 
are mixed and allowed to stand for 15 minutes at room tempera- 
ture. Sulfuric acid reagent (5 ml) is then added, contents mixed 
again, and color permitted to develop for 30 minutes (a transient 
red appears and yields to a permanent yellow). The mixture is 
then read at 400 my against a reagent blank. Standard curves 
with hydroxylamine hydrochloride and acethydroxamic acid 
over the indicated range of concentrations are determined. 
With colorimeter tubes of 1.5 cm diameter a 0.2 umole standard 
gives an optical density of approximately 0.3. 


Estimation of Hydrazide with p-Dimethylaminobenzaldehyde 


One mole of hydrazine reacts with 2 moles of this agent to 
form an intensely yellow colored compound (8). Acid hy- 
drazides heated with HCl in the presence of p-dimethylamino- 
benzaldehyde hydrolyze and can be measured as hydrazine. 
The method requires, therefore, that free hydrazine be removed 
from treated proteins before analysis. However, small con- 
taminating amounts of hydrazine can be measured separately 
because reaction is immediate, whereas reaction with hydrazides 
occurs only after hydrolysis. Hydrazine sulfate is used as a 
direct standard, and y-glutamylhydrazide is carried through as 
a standard to check extent of hydrolysis as well as color develop- 
ment. 

Reagent—p-Dimethylaminobenzaldehyde (2 g) is dissolved in 
100 ml of ethanol and 30 ml of concentrated HCl. 
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Procedure—The sample (2 ml) containing from 0.01 to 0.05 
pmole of hydrazide is placed in a 1.5-cm colorimeter tube, and 
receives 4 ml of reagent; contents are mixed and read immediately 
at 450 my against a reagent blank, and the amount of free 
hydrazine is determined by comparison with hydrazine sulfate 
standards in the indicated range of concentrations. A second 2 
ml-aliquot of sample is placed in a graduated tube and 4 ml of 
reagent are added; contents are mixed, the tube is covered witha 
glass marble and heated in a water bath at 80° for 30 minutes, 
The tube is cooled, and the volume adjusted, if necessary, to 6 
ml with 95% ethanol. The contents are transferred to a colorim- 
eter tube and read at 450 my against a reagent blank treated in 
the same manner. Standard curves with hydrazine sulfate and 
y-glutamylhydrazide are determined simultaneously. Ab- 
sorbance is linear to 0.05 umole of hydrazine or hydrazide. 
Model hydrazides, including y-glutamylhydrazide, carbobenzoxy- 
leucylhydrazide and benzhydrazide, tested in equimolar quanti- 
ties, all yield an intensity of color equal to that given by hy- 
drazine sulfate; only the primary hydrazine standard, however, 
gives the same intensity before and after heating. Salicyl- 
hydrazide, under the conditions of analysis, yields only 25% of 
theoretical color intensity, and requires a longer period of hy- 
drolysis for development of full color. 


Quantitative Dinitrophenylation of Hydroxamates, Hydrazides, 
Hydrazones, and Oximes 


Each of these types may react with fluorodinitrobenzene to 
form a dinitropheny] derivative and release a proton. The rate 
of reaction depends on the pK’, of the compound in relation to 
the pH of the medium, and at a given pH has a characteristic 
half-time. An excess of fluorodinitrobenzene is added to the 
compound in an aqueous-ethanolic medium, and as the reaction 
proceeds pH is maintained constant by intermittent titration 
with standard alkali; the reaction is complete when 1 equivalent 
of alkali has been added and pH remains constant without 
further addition of alkali. However, if the compound formed 
in the reaction has a pK’, in the range of pH at which the re- 
action is being run, additional alkali is required for titration of 
the ionizable group. In any case under these conditions di- 
nitrophenylation is complete, and the equivalents of alkali con- 
sumed is a quantitative measure of the amount of compound 
used. The pH selected for a given reaction is determined by the 
pK’, of the compound under study, the presence of other reac- 
tive groups such as amino groups, and the rapidity with which 
one desires to achieve complete dinitrophenylation. 

Procedure—One hundred to four hundred pmoles of the com- 
pound to be dinitrophenylated are dissolved in 10 to 20 ml of 
water and the solution placed in a beaker over a magnetic stirrer 
insulated to prevent undue heating. The solution is adjusted 
to the desired pH by addition from an ultramicro buret of small 
volumes of 1 Nn HCl or NaOH. The reaction with fluorodinitro- 
benzene is carried out at room temperature. Nitrogen gas, 
scrubbed with sulfuric acid and hydrated by bubbling through 
water, is passed over the reaction mixture if dinitrophenylation 
is carried out above pH 7. 

The reaction is started (zero time) by addition to the beaker 
contents of an equal volume of 1% 1,2,4-fluorodinitrobenzene 
in ethanol (volume for volume); an approximate 5-fold molar 
excess of reagent is thereby provided, and the reaction mixture 
becomes 50% with respect to ethanol. As acid is liberated, pH 
is maintained to 0.02 unit with 0.1 n NaOH delivered from an 
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ultramicro syringe buret controlled with a micrometer screw. 
The time of each addition is measured with an electrical timer 
and recorded. 

A plot is made of the amount of alkali added against time, and 
slopes are obtained by drawing tangents to the curve at several 
points. A second plot is drawn relating the calculated slopes 
(ordinate) and quantity of alkali added (abscissa); when the 
curve is extrapolated to zero slope a figure is obtained defining 
the quantity of alkali which would be required at “infinite time,” 
i.e. when the reaction is complete. Fig. 1, obtained with acet- 
hydroxamie acid, represents typical experimental results; and 
Fig. 2 demonstrates the extrapolation process. The character- 
istic half-time for thé rate of reaction is merely the time re- 
quired for addition of half the alkali which would be required at 
completion of the reaction. 


Isolation and Characterization of Dinitrophenyl Derivatives 


After completion of the dinitrophenylation reaction, the mix- 
ture described in above Section is transferred to a separatory fun- 
nel and extracted three times with ethyl ether and once with 
petroleum ether or hexane. In this manner an aqueous layer, rel- 
atively free from excess fluorodinitrobenzene, ethanol, and ether, 
is obtained. The pH of the water solution is adjusted to 3.0 
with strong HCl; the solution is then cooled in an ice bath, and 
in most instances the dinitrophenyl derivative separates as 
crystals. Recrystallization is performed easily by use of ethanol- 
water mixtures. The procedure outlined in the previous and 
present sections, adapted to a larger scale and with more con- 
centrated solutions of parent compounds, was employed for 
preparation of model substances described below. Dinitrophenyl 
derivatives of protein hydroxamates and hydrazides were also 
prepared in this way, with the difference that the mixture, after 
extraction with organic solvents, was dialyzed against water; the 
degree of dinitrophenylation was then estimated by absorption 
spectrophotometry as discussed below. 

Apparent pK’, values of some products were calculated from 
kinetic data obtained during dinitrophenylation. When the re- 
action was carried out at a pH equal to the apparent pK’, of the 
expected product, 0.5 equivalent of alkali was required for 
maintenance of constant pH in addition to 1 equivalent con- 
sumed in titration of hydrofluoric acid liberated; when the re- 
action was performed at other pH values, the extra quantity of 
alkali for titration of the ionizable product was in accordance with 
values predicted from the Henderson-Hasselbalch equation (9). 
Apparent pK’, values were also obtained by electrometric titra- 
tion of solutions of the recrystallized dinitropheny] derivatives. 
Finally, a few values were determined from spectral data ob- 
tained with acid and salt forms of purified compounds. In 
those instances in which apparent pK’, values for a given com- 
pound were obtained by several methods, agreement was ex- 
cellent. 

Absorption spectra were measured on solutions of purified 
derivatives in a Cary automatic recording spectrophotometer 
or Beckman DU spectrophotometer. 


RESULTS 


Analysis of Hydroxamic Acids and Amidoximes—Table I 
summarizes results obtained when representative compounds 
were analyzed with the ferric perchlorate reagent and by oxida- 
tion to nitrite with iodine. It is seen that the wave lengths of 
maximal absorption for ferric complexes produced under the 
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Fie. 1. Kinetics of dinitrophenylation of acethydroxamic acid 
with fluorodinitrobenzene. Reaction mixture consisted of 10 ml 
aqueous acethydroxamic acid (12 wmoles per ml) and 10 ml of 1% 
ethanolic fluorodinitrobenzene; pH was maintained at 6.0 by addi- 
tion of 0.1 Nn NaOH. 1000 divisions of the buret micrometer cor- 
responded to 0.5 meq of base. 
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Fic. 2. Extrapolation of data of Fie. 1 to obtain quantity of 
base required for complete dinitrophenylation. Slopes from 
various points on previous figure are plotted against divisions of 
base and extrapolated to zero slope; Bo corresponds to 0.185 meq 
of NaOH. Thus the dinitrophenylation of 0.12 mmoles of ace- 
thydroxamate consumed 1.5 times the equivalents of base, showing 
that the acidic hydrogen atoms of the product, dinitrophenyl- 
acethydroxamate, were half-titrated at the pH of the reaction 
(6.0). Under the conditions of the experiment, therefore, the 
product had an apparent pK’, of 6.0. 


conditions of the test were 500 to 505 my for aliphatic hydrox- 
amic acids and 520 to 530 my for aromatic hydroxamic acids. 
The amino acid hydroxamic acids (those of glycine, alanine, 
and tyrosine) exhibited lower extinction coefficients at 505 my 
than did hydroxamic acids containing no a-amino group. Amid- 
oximes yielded no significant absorption at 505 my with ferric 
ion under conditions of the test, although the bi-functional 
malonamidoxime-hydroxamic acid did. 
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TaBLe I 


Quantitative data concerning color reactions obtained 
with various hydrozamic acids and oximes 


























Tested with ferric | Pro- 
Compound Feemeed from perchloratet fon 
Bi - Fr of ni- 
Amax | €sos X 1078) trite 
mp 
Acethydroxamic 
MEAS See: 2 Anhydride 505 1.08 (1.0 
6-Hydroxypropion- 
hydroxamic acid..| Lactone 505 1.08 /|1.0 
Malon(mono) hy- 
droxamie acid (K 
i Be Ye Half ethyl ester 500 0.88 {1.0 
Succin(mono)hy- 
droxamic acid (K 
Meso ta ae ees Anhydride 505 1.08 (1.0 
Glycinehydroxamic 
BOG til bic> 230 Ethyl ester 500 0.70 {1.0 
Alaninehydroxamic 
Sei bi betd Fires Ethyl ester 500 0.70 (1.0 
Benzoylalaninehy- 
droxamic acid. ...| Methyl ester 505 0.90 {1.0 
Benzhydroxamic 
acid Ethyl ester 520 1.25 (1.0 
Salicylhydroxamic 
kp ee ae Methyl ester 530 1.19 (1.0 
Tyrosinehydrox- 
amic acid.........| Purchased 500 0.61 (0.17 
Acetamidoxime..... Nitrile 0 1.0 
Benzamidoxime.....| Nitrile 0 1.0 
Malonamidoxime- 
hydroxamic acid. .| (Ethyl ester of cy- 
anoacetic acid) 0.80 (0.86f 





* Hydroxamic acids were prepared by methods discussed in 
paper II of this series (12). Tyrosinehydroxamic acid was pur- 
chased from the California Corporation for Biochemical Research. 
Amidoximes were prepared by classic methods of reaction of 
corresponding nitriles with hydroxylamine. 

+t Conditions for these reactions are given in the text. Acethy- 
droxamic acid is the reference standard for production of nitrite 
by oxidation with iodine; it is assigned a value of 1 to denote 
that each mole yields 1 mole of nitrite measured as described in 
the text. 

t Theoretically this compound should yield 2 equivalents of 
nitrite; however, it probably cyclizes after one of the vulnerable 
groups is oxidized with iodine. 


Each mole of hydroxamic acid should yield 1 mole of nitrite 
in the Bergmann-Segal test, and Table I shows that this was the 
case for all such compounds tested except tyrosinehydroxamic 
acid. The low yield with the tyrosine derivative can be ex- 
plained only in part, if at all, by the nitrosation of amino groups 
or of the ring in the same molecule, since other amino acid hy- 
droxamic acids yielded full color in the test and tyrosine itself 
in 10-fold excess did not diminish color obtained with acet- 
hydroxamic acid. As mentioned under ‘Experimental Proce- 
dures,” amidoximes, in contrast to ald- and ketoximes, yield 
theoretical equivalents of nitrite under conditions of the test. It 
is of interest that malonamidoxime-hydroxamic acid, containing 
2 groups derived from hydroxylamine, yielded only approxi- 
mately 1 equivalent of nitrite for each equivalent of compound 


Reactions of Hydroxylamine and Hydrazine 


Vol. 235, No. 9 


treated with iodine; it is quite probable that with removal of one 
of the susceptible groups the remaining portion of the molecule 
cyclizes. 

Dinitrophenylation of Amines, Hydrazides, and Hydroxamic 
Acids—Table II summarizes kinetic data obtained for dini- 
trophenylation of representatives of these types of compounds, 
From the half-times of reaction it is seen that at pH 8 dinitro- 
phenylation of hydroxamic acid groups occurs much more rapidly 
than the corresponding reaction with amino groups (e.g. alanine 
and methylamine as compared with acethydroxamic and 8- 
hydroxypropionhydroxamic acids). At pH 6.0 dinitrophenyla- 
tion of amino groups, as of alanine, is extremely sluggish ag 
compared with hydroxamic acids. Thus the proper choice of 
pH permits one to dinitrophenylate hydroxamate groups selec- 
tively when these are present in the same molecule with amino 
groups. The table also shows that hydrazides are dinitro- 
phenylated, at a given pH, with half-times between those ex- 
hibited by hydroxamic acids and by amino groups under the 
same conditions. The data obtained with y-glutamylhydrazide 
illustrate the selectivity of reaction arising from the proper choice 
of pH. At pH 6.0 this compound yielded the dinitrophenyl- 
-glutamylhydrazide, as indicated by the consumption of only 
1 equivalent of alkali; the a-amino group remained unsubsti- 
tuted. The difference in rates of reaction between the 2 groups 
results, in part, from the fact that at pH 6.0 the amino group 
is protonated and less reactive. If the reaction is carried out 
at pH 8.0, both groups are dinitrophenylated but at considerably 
different rates: 7 minutes for the hydrazide group and 120 min- 
utes for the amino group. 

Table II also includes the number of equivalents of alkali 


TABLE II 
Time (T/2) required for half-completion of reaction between 
fluorodinitrobenzene and various amines, hydrazides, and 
hydroxamic acids at room temperature and constant pH 




















| | 
Pa | Teac: nin Equivalents of hermes ond to maintain 
Methylamine- HCl 8.0 | 30) 2; 1 for HCl 
Alanine | 6.0 | 700 | 2.0 
Alanine 18.0} 37] 1.5 
y-Glutamylhydrazide | 6.0 | 46 | 1.0 
y-Glutamylhydrazide | 8.0 7 | 1.4 (dinitrophenylation of hy- 
| drazide group) 
120 | 1.5 (dinitrophenylation of a- 
amino group) 
Benzhydrazide 18.0} 21] 1.3 
Semicarbazide 9.0} 15] 1.4 
Acethydroxamic acid | 6.0 | 12 | 1.5 
Acethydroxamic acid | 8.0 | <1 | 2.0 
B-Hydroxypropion- | 8.0 2) 2.0 
hydroxamic acid | 
Benzhydroxamic acid | 7.0 | <1 | 2.0 








* For complete dinitrophenylation 1 equivalent of alkali is re- 
quired for titration of the proton arising in conjunction with 
fluoride ion; additional alkali, however, may be used in titration 
of a proton dissociating from the dinitrophenylhydrazide or di- 
nitrophenylhydroxamate, depending upon the pK’, values of 
these. If the compound contains more than one group which 
can be dinitrophenylated, as y-glutamylhydrazide, even more 
alkali may be consumed depending upon the pH of the reaction. 
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consumed in maintenance of constant pH during complete dini- 
trophenylation. In the case of hydroxamic acids and hydrazides 
the alkali in excess of 1 equivalent was used in titration of a pro- 
ton dissociating from the dinitropheny] derivative which formed. 
This amount of alkali is an indicator of the pK’, value of the 
product. Thus at pH 6.0 it is apparent that dinitrophenyl- 
acethydroxamate was half-titrated whereas at pH 8.0 it was 
titrated completely. 

Dinitrophenylation of Oximes—Pertinent data for typical re- 
actions are given in Table III. In general, at. corresponding 
pH values oximes reacted with fluorodinitrobenzene much more 
slowly than did hydroxamic acids, somewhat more rapidly than 
amines, and more slowly than hydrazides. Acetamidoxime, 
however, reacted at pH 7 with a half-time approaching that of 
hydroxamie acids. Dinitrophenyloximes, except that of benz- 
aldehyde, were undissociated at the pH values maintained 
during dinitrophenylation; accordingly, with the exception al- 
ready noted, only 1 equivalent of NaOH was consumed. The 
pK’, of the benzaldehyde derivative was calculated from kinetic 
data to be between 9 and 10; its greater acidity is consistent 


TaBe III 


Time (T/2) required for half-completion of reaction between 
fluorodinitrobenzene and various oximes at 
room temperature and constant pH 








Equivalents of 
Oxime of a7. eadacneny Ss. 
stant pH* 
Acetone 9.0 5.5 1.0 
2-Butanone 8.0 37 1.0 
9.0 9.0 1.0 
n-Butyraldehyde 8.0 11.4 1.0 
9.0 2.7 1.0 
Isobutyraldehyde 8.0 7.0 1.0 
Benzaldehyde 8.0 2.6 1.0 
9.0 0.9 1.3-1.5 

Acetamide 7.0 <1 1.0 














* See footnote to Table IT. 


TaBLe IV 
Approximate pK’, values and characteristic absorption 
spectral properties of dinitrophenyl derivatives 
of various hydrazones and oximes 
































» Molar extinction 
ss i \coefficients X 10~** 
2,4-Dinitropheny] derivative of pK’a 
Acid| Alkali Acid Alkali 
mp c 
Acetone hydrazone 10.6) 335) 430, 530) 1.0 |1.0 (430) 
1.7 (530) 
Acetaldehyde hydrazone 10.6} 360) 420 1.2510.98 
Benzaldehyde hydrazonet 10.0} 380) 460 2.1 |2.9 
2-Butanone oxime 305| unstable) 1.3 
Benzaldehyde oximet 9-10 | 305) unstable} 1.98 
Acetamide oximet 6.0} 320; 320 1.16|1.16 





* Given for Amax in 0.1 N HCl and 0.1 m sodium carbonate, re- 
spectively. 

t Measured in 50% aqueous ethanol because of insolubility in 
water. 


t No titratable groups in water over pH range 2 to 11. 
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TABLE V 
Approximate pK’, values of dinitrophenyl derivatives 
of typical hydrazides and hydroxamic acids 
as compared with dinitrophenol 




















Approxi- Color of aqueous solutions 
2,4-Dinitropheny! derivative of mate pK’, 
7 Acid Alkali 
Succin(mono)hydrazide........| 9.0 | yellow brown 
TROUSIVGFARIC «5 oo ok son oes 9.0 | yellow brown 
Semicarbaside................. 10.0 | yellow brown 
Acethydroxamic acid........... 6.8 | faint yellow | yellow 
Succin(mono)hydroxamic acid..| 7.0 | colorless yellow 
2,4-Dinitrophenol.............. 3.0 | colorless yellow 








TaBLe VI 
Characteristic absorption spectral properties of dinitrophenyl 
derivatives of typical hydrazides and hydroxamic 
acids as compared with dinitrophenol 























» Molar extinction 
— coefficients X 10-¢* 
2,4-Dinitropheny! derivative of 
Acid Alkali Acid Alkali 
my 
Succin(mono)hydrazide 340) 420 1.2 | 1.6 
y-Glutamylhydrazide (only hy- | 340} 420 1.28) 1.7 
drazide group dinitrophenyl- 
ated)t 
y-Glutamylhydrazide (both hy- | 345) 420, 360) 2.76! 1.76 (420) 
drazide and a-amino groups 2.24 (360) 
dinitrophenylated) ft 
Acethydroxamic acid 295) 330 0.98) 1.10 
8-Hydroxypropionhydroxamic 295) 330 0.98) 1.10 
acid 
2,4-Dinitrophenol 295) 360 0.86) 1.49 











* Compounds dissolved in 0.1 N HCl to obtain values in acid 
solution, and in 0.1 m sodium carbonate for values in alkaline 
solution. 


+ The difference spectra between the di-dinitrophenylated and 
mono-dinitrophenylated y-glutamylhydrazide are consistent with 
the spectra for 2,4-dinitrophenylglutamic acid; thus, the extinc- 
tion coefficient in acid at 345 my is 1.48 X 10‘ and in alkali at 360 
my is 1.54 X 104. 


with the relatively rapid rate of its formation, and is probably 
related to the electron-drawing power of the benzene ring. 

The reaction rates of various hydrazones with fluorodinitro- 
benzene were not determined, but would probably be of the 
same magnitude of those for hydrazides; it is also likely, in view 
of the pK’. values of dinitrophenylhydrazones (Table IV), that 
the dinitrophenylation reaction would require only 1 equivalent 
of alkali. 

Properties of Dinitrophenyl Derivatives—From Tables IV and 
V it is apparent that the dinitrophenyl derivatives of hydrox- 
amic acids (pK’, 6.8 to 7.0) are more acidic than those of hy- 
drazides (pK’, 9 to 10) which in turn are more acidic than the 
derivatives of hydrazones and oximes (pK’, 10 to 10.6). Pre- 
liminary results obtained by Mr. Raymond Crystal in our lab- 
oratory indicate that dinitrophenylbenzaldoxime easily loses 
dinitrophenol and forms benznitrile. With aliphatic dinitro- 
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phenylaldoximes, nitrile formation occurs at higher pH values 
(10). The dinitropheny] derivative of 2-butanoneoxime, which 
cannot dissociate a proton, is unstable and easily hydrolyzed at 
room temperature by weak alkali; the parent ketoxime and dini- 
trophenol are recovered. 

Tables IV and VI list wave lengths of maximal absorption 
and molar extinction coefficients obtained with various dini- 
tropheny] derivatives. Dinitrophenylhydrazides show a maxi- 
mum at 340 my in acid solution which shifts to 420 my in dilute 
alkali. Dinitrophenylhydroxamates have a maximum at 295 
my in acid and 330 in alkali. 

Wave lengths of maximal absorption for dinitrophenyl de- 
rivatives of hydrazones and oximes vary depending upon whether 
the parent compound is an aldehyde or ketone and whether 
other substituents are present. It is of interest, however, that 
dinitrophenylacetamidoxime showed the same maximum in acid 
and alkaline solutions. Additional spectral data for related 
compounds are given by Hérmann and Endres (11). 


DISCUSSION 


We have employed three different methods for the quantita- 
tive estimation of a variety of hydroxamic acids. The ferric 
hydroxamate method has been widely used in biochemical anal- 
ysis since it was first put on a quantitative basis by Lipmann 
and Tuttle (6). Its primary values are simplicity and high 
specificity; certain oximes can chelate ferric ion (see, for in- 
stance, (12)) and thereby interfere, but this occurrence is infre- 
quent. The test may be conducted in presence of excess hy- 
droxylamine but then suffers as much as 90% reduction in 
sensitivity when compared to the test in absence of that reagent. 
Strong acid such as HCl also diminishes sensitivity of the 
reaction as found by Wieland and Fritz (13) with hydroxamic 
acids derived from amino acids. In addition, various hydrox- 
amic acids give different color equivalents when tested, as in 
the present paper, as pure isolated compounds or, after their 
formation, in the presence of excess hydroxylamine (14-16). 
Selection of a standard of reference for measurement of unidenti- 
fied hydroxamic acids is therefore arbitrary, although we have 
found that acethydroxamic acid is a reliable “average” standard 
in this respect. 

Unlike the ferric perchlorate method, the Bergmann-Segal 
and indole procedures described here have the disadvantage of 
requiring removal of free hydroxylamine. Accordingly, pro- 
teins which have been hydroxylamidated can be analyzed by 
these methods only after exhaustive dialysis or, alternatively, 
after precipitation and washing to remove reagent hydroxyl- 
amine. (As will be shown in another paper (17), dialysis may re- 
sult in hydrolysis of certain hydroxamic acid groups.) When 
these precautionsare taken, both Bergmann-Segal and indole meth- 
ods have far greater sensitivity than the ferric perchlorate proce- 
dure, and have the additional advantage that they can be used 
with a primary standard of reference (either nitrite or hydroxyl- 
amine). 

The method for acid hydrazides described here is extremely 
sensitive but requires removal of free hydrazine. This require- 
ment is not rigorous as in the case of hydroxylamine described 
above, because traces of hydrazine which remain after dialysis 
of a treated protein could be measured quantitatively in the 
presence of acid hydrazide. Free hydrazine is determined after 
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reaction with p-dimethylaminobenzaldehyde at room tempera- 
ture, and acid hydrazide after the same sample is heated at 80° 
to promote hydrolysis. It should be mentioned that Poole 
and Meyer (18) determined isonicotinylhydrazide by means of 
a reaction with fluorodinitrobenzene. 

The relative ease of reaction of hydroxamic acids and hydra- 
zides with fluorodinitrobenzene leads to a method for their 
specific dinitrophenylation in the presence of amines. Thus it 
was possible to control the conditions of reaction with +-glu- 
tamylhydrazide to cause the dinitrophenylation, in succession, 
of the hydrazide and a-amino groups. 

It is of interest that various oximes, including amidoximes, 
can be dinitrophenylated by the procedures described here 
Weygand and Léwenfeld (10) found that dinitrophenylaldox- 
imes derived from monosaccharides were converted to cyano- 
hydrins which then rearranged to form a new aldose containing 
1 carbon atom less. 


SUMMARY 


1. Methods are described for the quantitative estimation of 
hydroxamates and hydrazides. 

2. A method for the quantitative dinitrophenylation of hy- 
droxamic acids, hydrazides, oximes, and amidoximes is pre- 
sented. 

3. Spectral properties and approximate pK’, values of various 
dinitrophenyl derivatives of hydroxamic acids, hydrazides, ox- 
imes, and hydrazones are given. 
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Carboxyl groups of proteins and polymers have been studied 
by means of their conversion to amides and subsequent applica- 
tion of the Hofmann rearrangement reaction (1-3). Such meth- 
ods, applied to proteins on a small scale, are difficult to control, 
often require drastic conditions, and are usually nonquantitative. 
We have been investigating a new approach to the analysis of 
carboxyl groups in gelatin which is based on formation of hydrox- 
amates, dinitrophenylation of the hydroxamic acids, and Lossen 
rearrangement of the dinitrophenyl derivatives. The advan- 
tages of this procedure are relative mildness of conditions em- 
ployed, which endows the reactions with greater specificity, and 
ease with which the reactions can be followed spectrophoto- 
metrically. Stepwise degradation of small peptides from the 
carboxyl end by means of Lossen rearrangement reactions has 
been studied by Wieland and Fritz (4). 

The Lossen rearrangement classically is described as the de- 
composition by heat of hydroxamic acids, their salts, or esters, 
in a manner resulting in migration of the group attached to the 
carbon atom of the hydroxamic acid group to the nitrogen atom 
(5). The mechanism of the reaction is considered to proceed by 
formation of an intermediate isocyanate which, in dilute aqueous 
solution, may hydrolyze with production of an amine; on the 
other hand, if amines or alcohols are present, the isocyanate 
may react with them to form ureas or urethanes respectively. 
Thus the nature of the product or products isolated depends on 
the conditions under which the rearrangement is performed and 
on the types of available reactive groups (4, 5). 

After showing that hydroxamic acids react with fluorodinitro- 
benzene at pH values of 6 to 8 to form dinitrophenylhydroxa- 
mates with characteristic spectral properties (6), it was then 
shown that these derivatives, treated in dilute solution with 0.01 
to 0.1 n NaOH for 2 to 10 minutes at 100°, underwent Lossen 
rearrangement with formation of an amine and carbon dioxide:’ 





R-CO-NHO-DNp----- 24... R-CO-N-O-DNP (1) 
R-CO-N-O-DNP ----2&t____, R-N:C:0 + DNPO- (ID) 
R-N:C:0 —--—-heat, 20s R.NH, 6-4 CO; (III) 
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1DNP = dinitrophenyl radical. 


Reaction II is quantitative and relatively rapid due to the strong 
tendency of the dinitropheny] substituent to dissociate the dini- 
trophenylate anion. The presence of certain other substituents 
on the R group may promote or retard Reaction II, so that 
rearrangement may occur, on the one hand, at room temperature 
in very dilute alkali, or may, on the other hand, require heating 
at 100° in the presence of somewhat stronger alkali. Reaction 
III is quantitative with regard to rearrangement of isocyanate, 
but whether or not the amine is the sole product depends on the 
nature of substituents on the R group which may react with 
isocyanate. In dilute solution interaction of isocyanate with a 
molecule of newly formed amine to produce a urea is not favored. 

In a previous paper (6) it was shown that the dinitropheny]- 
hydroxamates have characteristic light absorption in presence of 
alkali at a maximum of 330 my, whereas the dinitrophenylate 
anion absorbs characteristically with a maximum at 360 mu. 
Molecular extinction coefficients for these groups were reported 
as 1.10 X 10‘ and 1.49 x 10, respectively. Thus it is possible 
to follow quantitatively the Lossen rearrangement of dinitro- 
phenylhydroxamates through Reaction II by observing the 
changes in absorbance at these two wave lengths. Reaction III 
must be studied with specific quantitative methods of identifi- 
cation for the expected amine or other products. 

In the present paper we describe experiments dealing with 
Lossen rearrangement of representative dinitrophenylhydroxa- 
mates and indicate the manner in which they serve as model 
reactions for the study of carboxyl groups of gelatin. 


EXPERIMENTAL PROCEDURE 


Methods 


Hydroxamic acids were prepared, in general, by the method 
described by Hauser and Renfrow (7) with the use of methanolic 
hydroxylamine and KOH. In some instances, e.g. succinamic- 
hydroxamic acid, it was necessary to start with neutral 
hydroxylamine and add KOH afterwards. 2,4-Dinitropheny]- 
hydroxamates were prepared as described in the previous paper 
of this series (6); in some cases, however, yields were improved 
by addition of solid hydroxamic acid to the dinitrophenylating 
mixture (e.g. succinamichydroxamic and glutaramichydroxamic 
acids). 

Elementary analyses were performed in duplicate by the Geller 
Laboratories. Hydroxamic acids were determined by methods 
described previously (6), and dinitrophenylhydroxamates by 
absorption at 330 my as proposed in the same paper. 
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Amino groups and, in some instances, ammonia were deter- 
mined by the ninhydrin method of Rosen (8). In every case 
color equivalents were determined with an authentic sample of 
the compound under investigation. Ethanolamine, 6-alanine, 
y-aminobutyric acid, a,8-diaminopropionic acid, a ,y-diamino- 
butyric acid, and glycine were estimated quantitatively in this 
manner. Ethanolamine was determined also by the method of 
Axelrod et al. (9). 

Amino acids and amines were further identified by two dimen- 
sional ascending paper chromatography. The solvent system 
for the first dimension was phenol saturated with buffer contain- 
ing 0.21 m sodium citrate and 0.27 m potassium acid phosphate; 
the chromatogram was developed in an atmosphere saturated 
with 0.05 m ammonium hydroxide. In the second dimension 
lutidine and water solution (65:35) was used. After drying, 
the paper was sprayed with 0.2% ninhydrin in butanol saturated 
with water, and heated in an oven at 70° for 10 minutes. 

Formaldehyde was determined by the chromotropic acid 
method of Alexander et al. (10). 

Acethydroxamic Acid—The dinitropheny] derivative of acet- 
hydroxamic acid was prepared as described previously (6) and 
had a melting point of 155.5-157; as with most dinitrophenyl- 
hydroxamates the melting point was not sharp due to molecular 
rearrangements which occur with heating. Analysis as 2,4- 
dinitrophenylacethydroxamate: 


CsHiN;0¢ 
Calculated: C 39.8, H 2.90, N 17.4 
~ Found: C 39.8, H 2.93, N 17.4 


When the compound was heated with 0.1 n NaOH the spectrum 
shifted to that of the dinitrophenylate ion with a maximum at 
360 my. From the absorbance at the latter wave length it was 
determined that Reaction II above had occurred quantitatively. 
When the reaction mixture was distilled, an amine with charac- 
teristics of methylamine was collected which, on titration, could 
account for 80% of amine expected from theory? 

A kinetic study of the Lossen rearrangement of 2,4-dinitro- 
phenylacethydroxamate was made as follows. One part of an 
ethanolic solution containing 10 wmoles per ml was mixed with 
10 parts of 0.1 m sodium bicarbonate and the resulting mixture 
held in a water bath at 100°. Identical mixtures were also 
studied at 80, 60, and 20°, respectively. At convenient intervals 
samples were withdrawn from each mixture, diluted 50-fold with 
water and scanned in the Cary automatic spectrophotometer over 
a range of 300 to 450 mu. From the shift in spectrum (330 to 
360 my) the amount of dinitrophenol, and therefore the extent 
of Lossen rearrangement, was followed. The half-times of the 
rearrangement were determined to be: at 100°, 3.7 minutes; 
at 80°, 5.8 minutes; and at 60°, 30 minutes. At 20° no dinitro- 
phenol formation could be detected for at least 2 days. 

B-Hydroxypropionhydroxamic Acid—A solution of 0.25 m 
methanolic alkaline hydroxylamine (38 ml) was prepared (7) 
and placed on ice. To this solution were then added slowly 35 
ml (0.55 mole) of 6-propionlactone. The solution was evapo- 
rated in a vacuum to half the original volume, and dioxane added 
until an oil-like material separated. The oil was removed, dis- 
solved in a minimum quantity of hot methanol, and the solution 
cooled. Crystals formed which were redissolved in a fresh por- 


2 In contrast, acid hydrolysis of 2,4-dinitrophenylacethydrox- 
amate gives ammonia in theoretical yield. 
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tion of hot methanol and recrystallized by cooling. The dried 
crystals were shown to be the half-potassium salt by flame pho- 
tometry and by titration with 0.1 n HCl with bromphenol 
blue as indicator. Nitrogen analysis showed 11.5% (theory, 
11.3%); m.p., 120-121°; yield, 50%. 

Dinitrophenylation was carried out by the usual method with 
the use of 615 mg (5 meq) of half-potassium salt of the hydrox- 
amic acid. After extraction of the reaction mixture with ether 
and hexane, HCl was added to bring the pH to 3.9. The solu- 
tion was next filtered, and the filtrate placed in the cold. After 
several minutes dense crystals appeared; these were collected on 
a Buchner filter, washed carefully with cold water, and dried in 
avacuum. The crystals were creamy white; m.p., 117-121° with 
decomposition; yield, 60%; analysis corresponded to 2, 4-dinitro- 
phenyl-8-hydroxypropionhydroxamate. 


Calculated: C 39.8, H 3.32, N 15.5 
Found: C 39.5, H 3.22, N 15.5 


Lossen rearrangement was complete in 10 minutes when the 
dinitropheny] derivative was heated at 100° with either 0.01 or 
0.1 Nn NaOH. A study was then made to determine the quanti- 
tative aspects of Reactions II and III shown in the introduction. 
Were the intermediate isocyanate resulting from rearrangement 
subsequently hydrolyzed, one should anticipate ethanolamine 
and carbon dioxide as products. However, reasoning by analogy 
with the Hofmann rearrangement of related compounds® and 
similar experiences with the Curtius reaction (11-13), the pos- 
sibility exists that the @-hydroxy group would add to the 
intermediate isocyanate with formation of a cyclic urethane, 
2-oxazolidone: 


(ninhydrin positive) 
O———-C::0 
(ninhydrin negative) 


Ethanol (1 ml) containing 10 wmoles of 2,4-dinitrophenyl-8- 
hydroxypropionhydroxamate was added to 9 ml of 0.1 n NaOH 
and the mixture heated in a water bath at 100° for 10 minutes. 
Examination of the solution at 360 my revealed an absorbance 
corresponding to formation of 10 wmoles of dinitrophenol, indi- 
cating that rearrangement was complete; reaction products were 
ninhydrin negative. Thus it appeared that the conditions used 
had probably favored the formation of 2-oxazolidone. The reac- 
tion mixture was then divided into 2 portions: the first was made 
1 N with respect to NaOH and heated at 100° for 1 hour; the 
second was made 6 N with respect to HCl and heated in a sealed 
tube for 18 hours at 105°. After neutralization of the NaOH in 
the one instance and evaporation of HCl in the other, both 
hydrolysates were tested with ninhydrin, and the alkaline hydrol- 
ysate was examined for ethanolamine by the procedure of 
Axelrod et al. (9) and by paper chromatography as indicated 
under methods. In this manner it was shown that hydrolysis of 
the reaction mixture by 1 n NaOH resulted in appearance of 
ethanolamine in an amount equal to 90% of that expected from 
theory. Thus it could be concluded that the probable inter- 
mediate, 2-oxazolidone, formed by Lossen rearrangement of the 


3 German Patent No. 220,852 (1908). 
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dinitrophenylhydroxamate in dilute alkali, was hydrolyzed by 
the stronger alkali with production of ethanolamine. Examina- 
tion of the acid hydrolysate of the reaction mixture revealed 
ethanolamine in an amount 60% of that anticipated from theory, 
but paper chromatography indicated the additional presence of 
an unidentified ninhydrin-positive material. 

Succinhydroxamic Acid—This compound was prepared as the 
potassium salt by mixing equivalent quantities of succinic an- 
hydride and neutral hydroxylamine in methanol followed by 
addition, over 30 minutes, of an equivalent of KOH dissolved in 
methanol. The recrystallized material gave a titration value for 
carboxyl groups which corresponded to theory, and flame photo- 
metric analysis for potassium was also consistent with theory. 
Dinitrophenylation was then carried out in the usual manner, 
and recrystallization of the product from ethanol and water 
yielded 2,4-dinitrophenylsuccinhydroxamate; m.p., 150-153° 
with decomposition; yield, 50%. 


CioH»N;303 
Calculated: C 40.1, H 3.01, N 14.0 
Found: C 40.1, H 3.02, N 14.0 


Lossen rearrangement in 0.1 Nn NaOH for 10 minutes at 100° 
resulted in the formation of theoretical amounts of dinitrophenol, 
determined spectrophotometrically, and 8-alanine, identified by 
paper chromatography as indicated under “Methods” and de- 
termined quantitatively by ninhydrin reactivity as compared 
with an authentic sample. 

Succinamichydroxamic Acid—Attempts to prepare this com- 
pound by reaction of succinimide with alkaline aqueous hydroxy]- 
amine resulted in formation of several additional products in- 
cluding the imide dimer described by Garny (14). The latter 
compound results from elimination of a molecule of ammonia 
from 2 molecules of succinamichydroxamic acid. When the 
product was dinitrophenylated and the derivative isolated in a 
noncrystalline form, analysis showed that it was probably the 
di-dinitropheny] derivative of the imide dimer. 


CoHuN701u 
Calculated: C 41.4, H 2.93, N 16.9 
Found: C 40.4, H 3.04, N 17.0 


It was observed that ammonia was not evolved immediately 
from succinamichydroxamic acid if preparation were carried out 
with the use of neutral hydroxylamine and succinimide in meth- 
anol followed by addition over 15 minutes of only 0.5 equivalent 
of KOH in methanol. If the reaction mixture was kept for an 
additional 15 minutes at 5° a product separated which, by analy- 
sis, was the potassium salt of succinamichydroxamic acid. The 
compound was unstable in solution, eliminating ammonia and 
undergoing cyclization. To prevent this occurrence during 
dinitrophenylation, the hydroxamate was added as a solid to a 
solution of fluorodinitrobenzene in 50% aqueous ethanol. The 
reaction mixture was then maintained at pH 7 for 5 minutes by 
intermittent addition of 1 N NaOH. Extraction and precipita- 
tion by usual methods (6) yielded a cream-white derivative in 
about 30% yield. Recrystallization from hot ethanol resulted 
in considerable loss of product, and a compound was obtained 
which melted with decomposition at 140-141°. When the 
mother liquors were kept at room temperature for several days, 
white needles crystallized in small yield; these melted with 
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charring at 225°, and were poorly soluble in ethanol. Analysis 
of the low melting form (140-141°) was consistent with 2,4- 
dinitrophenylsuccinamichydroxamate: 


CioHioN O07 
Calculated: C 40.3, H 3.36, N 18.8 
Found: C 40.3, H 3.41, N 18.6 


The high melting form (225°) gave analysis consistent with 
N-2,4-dinitrophenoxysuccinimide, which must have formed by 
elimination of a molecule of ammonia from 2,4-dinitrophenyl- 
succinamichydroxamate followed by ring closure: 


CioH7N;0, 
Calculated: C 42.7, H 2.49, N 14.9 
Found: C 42.3, H 2.59, N 15.4 


When the latter compound was dissolved in 0.1 n NaOH with- 
out application of heat its spectrum showed a peak at 330 mu 
indicating that hydrolysis and ring opening had occurred with 
formation of 2,4-dinitrophenylsuccinhydroxamate. 

Each of the compounds was then heated for 10 minutes at 100° 
in the presence of 0.1 N NaOH and the products of Lossen re- 
arrangement determined. Each mixture was then subjected to 
hydrolysis with 6 N HCl for 18 hours at 105° and products were 
again examined. Results are summarized in Table I. For the 
case of 2,4-dinitrophenylsuccinamichydroxamate it is seen that 
rearrangement resulted in formation of dinitrophenol in antici- 
pated amount but that no ninhydrin-positive substance or 
ammonia appeared; this suggested a situation analogous to that 
described for the Hofmann rearrangement of the diamide of 
succinic acid in which dihydrouracil is formed by ring closure of 
intermediate isocyanate and the neighboring amide group (15- 
17). If this were indeed the case, hydrolysis should result in 
opening of the ring, expulsion of carbon dioxide and ammonia, 
and formation of B-alanine. Examination of Table I reveals 
that treatment with 6 n HCl caused the appearance of 91 and 
87%, respectively, of B-alanine and ammonia expected from 
theory. 

With N-2,4-dinitrophenoxysuccinimide, Lossen rearrange- 
ment, as seen in Table I, resulted in formation of dinitrophenol 
as predicted from theory. However, in contrast to the previous 
instance, examination of the reaction mixture before hydrolysis 
showed the presence of theoretical B-alanine within experimental 
error; no ammonia was found. After hydrolysis with 6 n HCl 
there was no significant change in the amount of B-alanine and 
again no ammonia was present. These findings support the view 
inferred from spectral data that N-2,4-dinitrophenoxysuccini- 


TABLE I 
Lossen rearrangement of succinic acid derivatives 








2,4-Dini enyl-| N-2,4-Dinitro- 
succinamichydrox- ghenempencial 
amate m 
pmoles pmoles 
Initial quantity... .....5 06.4. enees 10.0 3.6 
Dinitrophenol formed.............. 10.0 3.6 
8-Alanine, before hydrolysis........ 0 3.9 
Ammonia, before hydrolysis........ 0 0 
8-Alanine, after hydrolysis......... 9.1 3.8 
Ammonia, after hydrolysis......... 8.7 0 
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mide undergoes hydrolysis in 0.1 n NaOH with formation of 
2,4-dinitrophenylsuccinhydroxamate which, as shown previ- 
ously, yields 6-alanine directly after Lossen rearrangement. 
Glutaramichydroxamic Acid—This was prepared from glutari- 
mide in the manner described above for succinamichydroxamic 
acid. The product did not separate from solution, so that it was 
necessary to evaporate the mixture to dryness in a vacuum. 
The crude glutaramichydroxamic acid was added as a solid to 
fluorodinitrobenzene in 50% aqueous ethanol. The impure di- 
nitropheny] derivative melted at about 130°; on recrystallization 
from hot ethanol it yielded white needles, m.p. 236° with char- 
ring. Analysis was consistent with N-2,4-dinitrophenoxyglu- 
tarimide. 
CuH,N,0; 
Calculated: C 44.8, H 3.05, N 14.2 
Found: C 44.8, H 3.01, N 14.3 


When 1.26 umoles of this compound were heated in 0.1 n NaOH 
Lossen rearrangement occurred, and products measured were: 
1.26 umoles of dinitrophenol (spectrophotometrically); and 1.07 
umoles of y-aminobutyric acid (by ninhydrin analysis and com- 
parison with an authentic sample). The latter product was 
identified further by paper chromatography in 2 solvent systems 
as described under Methods. After hydrolysis of the Lossen 
reaction mixture with 6 n HCl for 18 hours there was no change 
in the quantity of y-aminobutyric acid. The results indicated, 
therefore, that N-2 ,4-dinitrophenoxyglutarimide underwent ring 
opening in 0.1 n NaOH to 2,4-dinitrophenylglutarhydroxamate 
which, upor application of heat, rearranged to form y-amino- 
butyric acid as expected. 

Glycinehydroxamic Acid—This was prepared by reaction of 
glycine ethyl] ester with methanolic hydroxylamine under neutral 
conditions; the product was recrystallized from ethanol and 
water. Dinitrophenylation was carried out at pH 6.0 in order 
that the amino group remain protonated; reaction was rapid, 
and after addition of 1.3 equivalents of alkali resulted in forma- 
tion of a dense precipitate. This material melted with decom- 
position at 109-114°; yield, 80%. The compound was converted 
to the hydrochloride, in which form it is stable, by treatment 
with methanolic HCl. Recrystallization from methanol-benzene 
or ethanol-dilute aqueous HCl resulted in needles which melted 
at 150°. Analysis was consistent with 2 ,4-dinitrophenylglycine- 
hydroxamate hydrochloride. 


C,H,N,O,Cl 
Calculated: C 32.8, H 3.08, N 19.1 
Found: C 32.8, H 3.25, N 19.1 


Lossen rearrangement of this compound and subsequent hy- 
drolysis of the intermediate isocyanate should give rise to 1 
molecule of carbon dioxide, 1 of formaldehyde, and 2 of ammonia 
in addition to dinitrophenol. When 10.6 umoles of 2,4-dinitro- 
phenylglycinehydroxamate hydrochloride were dissolved in 
alkali as weak as 0.1 m sodium bicarbonate, Lossen rearrange- 
ment was immediate even without application of heat. Prod- 
ucts measured were: 10.7 umoles of dinitrophenol (spectrophoto- 
metrically) ; 22 wmoles of ammonia (by ninhydrin analysis); and 
11 pmoles of formaldehyde (by color formation with chromotropic 
acid). 

In the course of dinitrophenylation of glycinehydroxamic acid 
with fluorodinitrobenzene, if instead of 1.3 equivalents of NaOH 
approximately 2 were added, Lossen rearrangement occurred 
spontaneously; in this instance, however, the intermediate iso- 
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cyanate polymerized with formation of a thixotropic gel. Thus, 
in dilute solution aminomethylisocyanate hydrolyzed to form 
products indicated previously, and in concentrated solution 
polymerized. 

Benzhydroxamic Acid—This compound was prepared by estab- 
lished methods (7) both as the free acid and half-potassium salt, 
Dinitrophenylation was performed in the usual manner (6), and 
2,4-dinitrophenylbenzhydroxamate isolated; m.p., 136-137.5°; 
yield, 20%. Heated in 0.1 n NaOH at 100° it underwent Lossen 
rearrangement with production of theoretical dinitrophenol; 
aniline was detected as a product by reaction with p-dimethyl- 
aminobenzaldehyde. In several experiments aniline was esti- 
mated quantitatively by the method of Bratton and Marshal] 
(18), comparison being made with an aniline standard; in no 
instance was more than 30% of the amount predicted from 
theory found in the reaction mixture. Formation of other 
possible products, e.g. diphenylurea, was not studied. 

When 1 equivalent of half-potassium salt of benzhydroxamic 
acid was treated with excess fluorodinitrobenzene at pH 8.0, 2.5 
instead of the expected 1.5 equivalents of alkali were consumed. 
2,4-Dinitrophenylbenzhydroxamate could not be isolated, but 
instead a red crystalline material was obtained by cooling the 
reaction mixture; this melted at 156°, which is the melting 
point of authentic 2,4-dinitrophenylaniline; a mixed melting 
point of the 2 compounds showed no depression. The extra 
equivalent of alkali was consumed, therefore, in neutralization 
of HF formed by reaction between fluorodinitrobenzene and 
aniline arising from spontaneous Lossen rearrangement of 2,4- 
dinitrophenylbenzhydroxamate. 

Confirmation was then made by study of the dinitrophenyla- 
tion of aniline per se. At pH 7.0, reaction with fluorodinitroben- 
zene was half-completed in 3.5 minutes. Thus aniline reacted 
with this reagent at neutral pH much more rapidly than do 
aliphatic amines, the rate for aniline being nearly that for 
hydroxamates (6). 

Hydroxamic Acid Derived from Polymer of y-Methyl Ester of 
Glutamic Acid—This polymer, with a number average molecular 
weight of approximately 19,000, was generously supplied by Dr. 
Murray Goodman of the Polytechnic Institute of Brooklyn. 
The study of this substance is summarized in Tables II and III. 
The polymer (27 mg) was treated for 1 hour at room temperature 
with a solution of 2.5 ml of 2 m hydroxylamine hydrochloride 
and 2.5 ml of 3.5 m NaOH; 90% of the ester groups were thereby 
converted to hydroxamate groups (Table II). The solution was 
next dialyzed for 24 hours against distilled water and a second 
analysis then revealed diminution of hydroxamate by 30% 
(presumably by hydrolysis). The remaining hydroxamate frac- 
tion was converted to dinitrophenylhydroxamate by reaction 
with fluorodinitrobenzene in 50% aqueous ethanol at pH 8.0. 
The reaction mixture was extracted with ether, and the aqueous 
phase containing polymer-dinitrophenylhydroxamate was heated 
at 100° in 0.1 n NaOH for 2 minutes to promote Lossen rearrange- 
ment. As indicated in Table II an amount of dinitrophenol in 
accordance with theory was measured. To determine the other 
products of the rearrangement, hydrolysis of the mixture was 
carried out with 6 n HCl at 105° for 20 hours; HCl was then 
removed in a vacuum, and constituent amino acids separated by 
paper electrophoresis at pH 4.0 with 0.1 m pyridine-acetate buffer 
at 300 volts for 2 hours. An authentic sample of a,y-diamino- 
butyric acid, the amine expected from Lossen rearrangement, 
was simultaneously subjected to electrophoresis. Spots were 
located by staining adjacent strips; they were then cut out, 
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TaBLeE II 
Hydrozylamidation-dinitrophenylation of y-methyl 
ester of poly-L-glutamic acid 


P. M. Gallop, S. Seifter, M. 





Hydroxylamidation 
pmoles hydroxamate which could theoretically form.| 188.5 
pmoles hydroxamate formed (measured before di- 
SEIU 5 sone hee ec ce sees ete. 170.0 
% hydroxylamidation as compared to theoretical 
VO FEE ES. AT. FR PRR ON 91 
pmoles hydroxamate (measured after dialysis)°..... 119.6 
% hydroxamate remaining after dialysis........... 70 
Dinitrophenylation 
umoles hydroxamate used in reaction.............. 63 
umoles NaOH used in dinitrophenylation at con- 
NIE I oi oe ok Ae Vat a 90° 
Polymer-dinitrophenylhydroxamate after dialysis 
pmoles remaining in dialysis sac?.................. 45 
umoles of dinitrophenol found in dialysis water®.... 6 
total ymoles dinitrophenylhydroxamate remaining 
plus that lost as dinitrophenol.................. 51 
Lossen rearrangement of dinitrophenylhydroxamate 
remaining after dialysis 
SIU sc) 3 0.011134 bere ahh sedahewer ae 45 
umoles dinitrophenol found after rearrangement-?... 44.5 








* Measured using ferric chloride in presence of hydroxylamin® 
(6) and compared with acethydroxamic acid standard. 

’ Measured both by ferric perchlorate method and by iodine 
oxidation procedure (6); acethydroxamic acid used as standard 
for comparison. 


¢ This indicates an apparent pK’, of approximately 8 for the 
dinitrophenylhydroxamate formed. 

4 Measured from absorbance at 330 my (6). 

¢ Measured from absorbance at 360 my (6). 


eluted with water, and analyzed by the ninhydrin method. Re- 
sults, summarized in Table III, showed that 1 molecule of 
diaminobutyric acid occurred for each dinitrophenylhydroxamate 
group in the treated polymer, and there was present approxi- 
mately half that number of glutamic acid molecules. The ratio 
of 2 diaminobutyric to 1 glutamic accorded with the 70:30 
ratio of polymer hydroxamate remaining after dialysis to that 
lost by hydrolysis. 

It is of interest, as seen in Table III, that rearrangement of 
the dinitrophenylhydroxamate of this polymer occurred to a 
significant extent at pH 8 even at room temperature, just as did 
rearrangement of 2,4-dinitrophenylsuccinamichydroxamate and 
2,4-dinitrophenylglycinehydroxamate. 

Hydroxamic Acid Derived from Polyanhydroaspartic Acid (Poly- 
succinimide)—This polymer has been studied extensively by Dr. 
Joseph Kovacs (19)* of St. Johns University, Queens, New York, 
who generously supplied material sufficient for our own studies. 
The results of our investigation are summarized in Tables IV 
and V. The polymer (200 mg) was mixed with 10 ml each of 2 
m hydroxylamine hydrochloride and 2 m NaOH, and the pH of 
the reaction mixture was adjusted to 9.5. The compound re- 
quired 15 minutes for dissolution, and the reaction was allowed 
to proceed for an additional 45 minutes at room temperature. 
The solution was then dialyzed against distilled water to remove 
excess hydroxylamine. As seen in Table IV it could be estimated 
from the hydroxamate analysis that 81% of the imide bonds had 
opened. Prolonged dialysis of the treated polymer resulted in 
loss of approximately 66% of hydroxamate groups and simultan- 


‘J. Kovacs, private communication. 
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Taste III 
Amino acids found in acid hydrolysates of dinitrophenyl- 
hydrozamate derivative of poly-L-glutamic acid before 
and after heating to promote Lossen rearrangement 














Glutamic acid | $utyric ack” | Glu: DAB 
pmoles mmoles 
Before heating 1.85 1.0 1.85 
After heating 0.90 2.0 0.45° 





¢ With the ninhydrin procedure used diaminobutyric acid 
(DAB) has 0.94 of the color value of glutamic acid taken as 1.00. 

* From Table II it is seen that 30% of hydroxamate initially 
formed was lost by subsequent dialysis. If this had hydrolyzed, 
the modified polymer would now contain 30% of free carboxyl 
groups of glutamic acid and 70% of hydroxylamidated groups, or 
a ratio of 0.43. This is to be compared with the Glu: DAB ratio 
found after Lossen rearrangement, 0.45. 


TaBLe IV 
Hydrozylamidation-dinitrophenylation of polyanhydroaspartic acid 





Hydroxylamidation (expressed as equivalent of hy- 
droxamate per equivalent of ‘“‘backbone’’ nitro- 
gen)* 
i: Pe ee ee ee, ee SMe ly. Gi e ee 1.0 
Voutid: Solera Geng? 5 ors. 661i aigsind-chhon ah Al 0.81 
Pjur MPa GIMMS. .s .. 665 ices cans Bibaaeet 0.28 
Dinitrophenylation 
umoles hydroxamate used in reaction.............. 94.5 
umoles NaOH used in dinitrophenylation at con- 
CCMEG HE OF BP coca See eee eT 191 
Polymer-dinitrophenylhydroxamate after dialysis 
umoles remaining in dialysis sac®.................. 65.6 
umoles of dinitrophenol found in dialysis water?...| 31.0 
total zmoles of dinitrophenylhydroxamate remain- 
ing plus that lost as dinitrophenol............... 96.6 
Lossen rearrangement of dinitrophenylhydroxamate 
remaining after dialysis 
WEE NN oo 5. revs: ona od apc es eae hao ee 45 
umoles dinitrophenol found after rearrangement? ..| 44.5 








* Because approximately 60% of the polymer became dialyzable 
after hydroxylamidation, amounts are expressed here relative to 
the amount of “‘backbone’’ nitrogen as determined by Kjeldahl 
analysis corrected for hydroxamate nitrogen. 


> Measured using ferric chloride (6) and compared with acethy- 
droxamic acid standard. 


¢ Measured by absorption at 330 my (6). 
4 Measured by absorption at 360 my (6). 


eous appearance of free carboxyl groups as measured by titration 
in acetone, indicating that significant hydrolysis had occurred. 
The remaining hydroxamate was converted quantitatively 
to the dinitrophenyl derivative by treatment with fluoro- 
dinitrobenzene at pH 8. The polymer-dinitrophenylhydrox- 
amate was separated and heated at 100° for 10 minutes in 0.1 
N NaOH, and products determined. Dinitrophenol in 100% 
yield was found spectrophotometrically (Table IV). Hydrolysis 
of the reaction mixture with 6 n HCl followed by electrophoresis 
on paper as described above with regard to the glutamic acid 
polymer revealed the presence of a,8-diaminopropionic acid, the 
amine expected from Lossen rearrangement and hydrolysis. 
Kovacs (19) amidated polyanhydroaspartic acid and subjected 
the resulting polyamide to Hofmann degradation. After hydrol- 
ysis of the product he isolated acetaldehyde and ammonia (aris- 
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TABLE V 
Analysis of acid hydrolysates of hydroxylamidated derivatives 
of polyanhydroaspartic acid before and after heating 
to promote Lossen rearrangement 








| Sum of | Total 7 
(fspar: | DAP? Ammonia| DAP + “aria Aspe 
| monia® ured? 
pmoles |ymoles| ymoles | umoles | umoles 
Dialyzed polymer-hy- 
droxamate............ 21.0 | 0.0 | Trace | 21.0 | 22.8; — 
Unheated dinitrophen- 
ylhydroxamate of 
polymer. ....6..:.:'.. 7.2/1.0) 3.0 10.5 | 12.5 | 7.2 
Heated dinitrophenyl- 
hydroxamate of poly- 
Wi £65: its eisahin §.8 | 2.0| 0.72 | 7.1] 7.5 | 2.9¢ 























* The Lossen rearrangement occurred to some extent upon 
dialysis even at room temperature. 

>’ Diaminopropionic acid (DAP) has a color equivalent with 
ninhydrin of 0.3 compared to aspartic acid as 1.0. 

¢ Calculated assuming ninhydrin color equivalents of 1.0 for 
aspartic acid, 0.3 for DAP, and 1.0 for ammonia. 

4 Expressed with reference to an aspartic acid standard. 

¢From Table IV the expected ratio of Asp: DAP can be cal- 
culated as 2.6. The ratio found by analysis is 2.9. 


ing from the a-amide) and a,$-diaminopropionic acid (arising 
from the B-amide), showing that the original polymer had opened 
to give both amides of aspartic acid. In the present experiments, 
although Lossen rearrangement of the dinitrophenylhydroxamate 
of the same polymer resulted in appearance of diaminopropionic 
acid, no increase in ammonia was found; this would indicate that 
any a-hydroxamate groups, from which ammonia would arise, 
had probably hydrolyzed during dialysis. The lability of such 
hydroxamates is unexplained as yet, and experiments with other 
suitable models are planned. However, we have shown that 
polyaspartyl-a-hydrazides do not have this peculiar lability, and 
Kovacs has shown that the a-amide is also relatively stable. 

Below is presented a scheme for reaction of polyanhydroaspar- 
tic acid with hydroxylamine: 


ss pirccay 
_l_cu—t 
My 
N—— +n NH,OH > 
ri 
Be—C 
ant Se 




















é O 7 g O | 
_|_cu—t_we—[- ~ _cn—b_nuon 
- 
H.—C—NHOH 1H:—C—NH——j— 
fete iG obeahnwsh ates ap. Oa 


Hydroxamic Acid Derived from Gelatin—A sample protein was 
then studied by the methods described above. A commerical 
base-processed gelatin, obtained from pig skin, was esterified 
with methanol and acetic anhydride by the method of Grass- 
mann et al. (20). (Preliminary attempts at esterification with 
methanol and HCl were unsatisfactory, resulting in only 60% 
conversion of free carboxyl groups.) Gelatin (2 g) was suspended 


Lossen Rearrangement 


Vol. 235, No. 9 


in 1200 ml of methanol and 133 ml of acetic anhydride were added 
in portions, approximately 20 ml at a time. The mixture wag 
next stirred for 2 hours at room temperature, and again 133 ml 
of acetic anhydride were added in small portions. Stirring was 
continued for 24 hours more; the modified gelatin was then 
filtered, washed with methanol followed by ether, and air-dried, 
Esterfied protein (2 g) was added to 100 ml of neutral aqueous 
1 m hydroxylamine and the mixture stirred for 30 minutes at 40°. 
Under these conditions amides react only slightly, requiring 
higher temperature (60°) and more time (24 hours) for exchange 
with hydroxylamine (21). Thus a test at this juncture with 
ferric ion would measure conversion of esterified carboxyl groups 
to hydroxamates. Such an estimation was carried out and per- 
mitted the inference that all free carboxyl groups of the original 
gelatin had been esterified.» Because removal of excess hy- 
droxylamine by dialysis could in itself promote hydrolysis of 
some hydroxamate groups, this procedure was omitted, and 
instead the gelatin-hydroxamate was precipitated with 4 volumes 
of cold methanol. The separated protein was then treated in 
the usual manner with fluorodinitrobenzene (6) at pH 7; dinitro- 
phenylation was half-completed in 10 minutes. When the 
reaction was complete, the mixture was extracted 4 times with 
ether and once with hexane to remove excess fluorodinitroben- 
zene. The pH of the aqueous solution was adjusted to 4.0, and 
the mixture placed in an ice bath; the protein separated asa 
yellow “oil.” This was dissolved in warm water, and Lossen 
rearrangement carried out in 0.05 n NaOH with heating for 2 
minutes at 100°. 

Through the kind cooperation of Dr. Karl A. Piez of the Na- 
tional Institute of Dental Research, a quantitative analysis was 
obtained of amino acids present in the esterified gelatin, the 
gelatin-dinitrophenylhydroxamate, and the gelatin-dinitrophen- 
ylhydroxamate after Lossen rearrangement. Approximately 10 
mg of each of the modified gelatins were hydrolyzed in sealed 
tubes with 2 ml of 6 n HCl for 24 hours at 105°. The hydroly- 
sates were taken to dryness under reduced pressure. The resi- 
dues were dissolved in water and diluted to5 ml. One milliliter- 
aliquots were analyzed on an automatic amino acid analyzer* 
similar to that described by Spackman et al. (22). In addition 
to the common amino acids, a,8-diaminopropionic and a,7- 
diaminobutyric acids, the expected products after Lossen re- 
arrangement of w-dinitrophenylhydroxamates of aspartic and 
glutamic acid residues, respectively, appeared in the effluent 
from the ion exchange column. They emerged just preceding 
the other basic amino acids, overlapped slightly but were dis- 
tinctly separate from other amino acids (including ornithine 
which is present in commercial gelatins). Concentrations were 
determined by reference to standards analyzed under the same 
conditions. Color values, relative to lysine, obtained with the 


5 The gelatin contained a total of 115 residues of glutamic plus 
aspartic acids per 1000 total residues; 14 of these existed as gluta- 
mine or asparagine, or both (see, for example, Table VI). After 
reaction with hydroxylamine, 103 equivalents of hydroxamate 
were measured by formation of ferric complex and comparison 
with color obtained with the use of standard acethydroxamic acid. 
Thus esterification must have been virtually complete; and, also, 
treatment with hydroxylamine under the stated conditions did 
not affect the amide groups of the protein. However, a methoxyl 
determination was not performed. 

6 This instrument employs a 105-cm column of Dowex-50 X12, 
20 to 30 micron beads. Elution is with a continuous salt and pH 
gradient which allows the analysis of all amino acids in gelatin in a 
single run. Details of the procedure are in preparation (K. A. 
Piez). 
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ninhydrin reagent were: 0.31 for a,8-diaminopropionic acid and 
1.00 for a,y-diaminobutyric acid. Results, calculated to con- 
form with the assumption of 333 residues of glycine per 1000 
total residues, are shown in Table VI. It is seen that with the 
exception of aspartic and glutamic acids, concentrations of all 
other amino acids normally occurring in gelatin were unaffected 
by the treatments described. Most important for the present 
discussion was the finding that, after Lossen rearrangement, the 
decrease in numbers of aspartic and glutamic acid residues were 
accompanied by appearance of diaminopropionic and diamino- 
butyric acids. The gelatin after Lossen rearrangement, com- 
pared with the methylated protein, showed a decrease of 13 
residues of aspartic acid and a concomitant increase of 8.8 
residues of diaminopropionic acid; however, a decrease of 39.6 
residues of glutamic acid was accompanied by the appearance of 
only 8.4 residues of diaminobutyric acid. Thus, approximately 
31 residues of glutamic acid were not accounted for. 

If some glutamic acid residues were present in the original 
gelatin linked in the peptide chain through their y-carboxy] 
groups, it is probable that the a-carboxyl groups would be free 
to undergo esterification. The further treatment described (i.e. 
hydroxylamidation, dinitrophenylation, Lossen rearrangement, 
and hydrolysis) should then result in the appearance of succinic 
semialdehyde, just as those residues esterified through their 
y-carboxyl groups characteristically yield diaminobutyric acid. 
Actually the presence of succinic semialdehyde has been dem- 
onstrated by the following method. After Lossen rearrange- 
ment, the reaction mixture containing the modified gelatin was 
hydrolyzed with 6 N HCl at 105° and an equal volume of 0.8% 
dinitrophenylhydrazine in 2 N HCl added. The mixture was 
next evaporated in a vacuum, and the residue dissolved in ethy] 
acetate. The resulting solution was extracted with 0.1 m sodium 
carbonate, and the aqueous layer acidified and re-extracted with 
ethyl acetate. A paper chromatogram of the dinitropheny!- 
hydrazones in the ethyl acetate phase was developed using tert- 
amyl alcohol-ethanol-water (5:1:4). Comparison was made 
with an authentic sample of the 2,4-dinitrophenylhydrazone of 
succinic semialdehyde prepared by the method of Hendler and 
Anfinsen (23). (Elution of the dinitrophenylhydrazone from 
paper with ethanol or dilute sodium carbonate resulted in vari- 
able recoveries, making possible only qualitative evaluation.) 
By this means the presence of succinic semialdehyde was indeed 
established. 

The ammonia values in Table VI at first glance might appear 
anomalous; actually they are consistent with other data obtained. 
First, the value of 14 residues of ammonia found after hydrolysis 
of the esterified gelatin agrees with that found for base-processed 
commercial gelatins, and represents those amide groups which 
survive the liming procedure. Second, the 94 residues of am- 
monia obtained with gelatin-dinitrophenylhydroxamate must 
arise from acid hydrolysis of dinitrophenylhydroxamate groups 
as discussed with regard to 2,4-dinitrophenylacethydroxamate 
(see footnote 2). This value in fact provides additional evidence 
that nearly all free carboxyl groups of the gelatin had been con- 
verted ultimately to dinitrophenylhydroxamate groups. Fi- 
nally, the value of 57 residues of ammonia found with the Lossen- 
rearranged gelatin is consistent with the number of glutamiccid a 
residues assumed to be held in y-glutamy] peptide linkage, i.e. 
do not give rise to diaminobutyric acid. Each affected y-glu- 
tamyl peptide bond should yield 2 molecules of ammonia: one 
directly from the hydrolysis of the amine during Lossen re- 
arrangement, and another from subsequent acid hydrolysis of a 


P. M. Gallop, S. Seifter, M. Lukin, and E. Meilman 
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Taste VI 
Amino acid analysis of gelatin hydrolysates 











fhe Dinitrophenyl- | Dinitropheny|- 
Amino acid Methyl ester — —— 
Hydroxyproline............ 104 101 101 
Aspartic acid. ............. 43.5 41.6 30.5 
WEOUMIDS Sos e oc soe 16 17 17 
NS OR de ae Oe Be Rd Ba 33 34 33 
Glutamic acid.............. 71.2 67.1 31.6 
We Se ote a 128 138 140 
RING ash ites che es 333 333 333 
PM as 5 oso atntrainaatelas 109 111 113 
RE ee Wcetre er 0 0 0 
WM ic, oon cg oe 20 22 21 
a ee 0 0 0.5 
eae ays: 12 13 13 
RINE eo actus Saree 23 24 24 
ba SMA aC AEaD ingore SL gt 0.6 0 0 
Phenylalanine.............. 12 13 13 
Diaminobutyric acid....... 0 3.0 8.4 
Diaminopropionic acid..... 0 0 8.8 
Hydroxylysine............. 7 8 8 
SR Be ts 4 4 5 
PRS ree me 4 94 57 
Re ears fe 26 27 27 
| A arenes 4.0 4.5 4.9 
PE Si. sicnnd sacccsion ane 45 49 46 
co i DD ia Re aes Yt 992 1010 978 














C-terminal amide fragment arising from cleavage of the protein 
chain in the course of rearrangement: 


R—CO—NH—CH—(CH:)-—CO—NH—R’ — 


NH; + R—CO—NH: + O=CH—(CH:)2—CO—NHR’ + CO; 


Thus, the ammonia values obtained, the appearance of suc- 
cinic semialdehyde in the hydrolysate of the Lossen-rearranged 
gelatin, and the failure to account for 31 residues of glutamic 
acid as diaminobutyric acid suggest the occurrence of glutamic 
acid in y-peptide in the treated gelatin. The possibility that 
such linkages were not present in the original protein but occurred 
as a result of the treatment employed will be considered in the 
discussion. 


DISCUSSION 


The methods described in this paper have interest both from 
the standpoint of organic chemistry and from their extension to 
the study of the carboxyl groups of proteins. One can summarize 
as follows the general interest in the use of fluorodinitrobenzene 
as an agent for hydroxamic acids leading to their rearrange- 
ment. First, the dinitrobenzene nucleus has great electron- 
drawing properties, and the dinitrophenyl group tends to escape 
easily as an anion; both properties permit the Lossen rearrange- 
ment to be performed under mild conditions of heat and alkalin- 
ity. Second, fluorodinitrobenzene is a practical agent because 
it is soluble in ethanol-water mixtures, is easily extractable by 
organic solvents, and is not itself hydrolyzed at the pH values 
required for dinitrophenylation of hydroxamic acids. Finally, 
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the dinitrophenyl group attached to an hydroxamate has a char- 
acteristic absorption spectrum in alkaline media which is differ- 
ent from that of dinitrophenol, one of the products of Lossen 
rearrangement; thus the spectral properties provide a simple and 
convenient method for measurement of extent of rearrangement. 

Experiments with Lossen rearrangement of model dinitro- 
phenylhydroxamates reveal certain common features and others 
determined by the specific nature of the compound. Thus all 
undergo rearrangement quantitatively in dilute aqueous solution 
at pH values of 8 to 12 when heated for about 10 minutes at 100°. 
In every case an equivalent quantity of dinitrophenol can be 
detected at the end of the reaction. On the other hand differ- 
ences in rate of rearrangement are discernible: dinitrophenyl- 
acethydroxamate does not undergo Lossen reaction for at least 
48 hours when maintained at room temperature in 0.01 n NaOH, 
whereas the dinitrophenylhydroxamates of succinamic acid, gly- 
cine, and the polymer of y-methy] ester of glutamic acid begin to 
rearrange almost immediately under the same conditions. The 
effects of neighboring groups, e.g. amides, may therefore facilitate 
rearrangement. Further, dinitrophenylbenzhydroxamate under- 
goes Lossen rearrangement so readily at pH values as low as 7, 
that it is prepared only with difficulty by dinitrophenylation of 
benzhydroxamic acid with fluorodinitrobenzene; the main 
product is dinitrophenylaniline arising from reaction of fluoro- 
dinitrobenzene with aniline formed in the course of rearrange- 
ment. 

Preliminary experiments with benzoylalaninehydroxamate 
reveal that in the course of its reaction with fluorodinitro- 
benzene at pH 7 almost immediate rearrangement of the di- 
nitrophenylhydroxamate occurs; dinitrophenol, acetaldehyde, 
ammonia, and presumably benzamide are products. No heating 
is required indicating again the ease with which certain of the 
rearrangements occur. 

In this regard mention should be made of additional in- 
teresting effects of charged neighboring groups on the Lossen 
reaction. Dr. Eli Seifter of the Long Island Jewish Hospital 
desired to prepare glycine and other amino acids by Lossen 
rearrangement of dinitrophenylhydroxamates of substituted 
malonic acid derivatives just as Hurd et al. (24-26) had used a 
similar reaction for the preparation of glycine polymers. He 
prepared the potassium salt of the half-hydroxamic acid deriv- 
ative of malonic acid, and together we studied its dinitrophenyla- 
tion and rearrangement. When this compound was treated 
at pH 7 with fluorodinitrobenzene, 2 equivalents of alkali were 
consumed as expected, but dinitrophenylmalonhydroxamate 
could not be isolated; instead glycine was found in the reaction 
mixture. Apparently Lossen rearrangement had occurred im- 
mediately after formation of the dinitrophenyl intermediate 
without introduction of stronger alkali. The proximity of car- 
boxylate and hydroxamate groups apparently facilitates spon- 
taneous rearrangement and formation of glycine along with 
other products not yet fully identified. 

In addition to differences in rate, differences in kinds of end 
products may result from Lossen rearrangement of various 
dinitrophenylhydroxamates. Thus, whereas dinitrophenylacet- 
hydroxamate rearranges with ultimate formation of methylamine, 
dinitrophenyl-8-hydroxypropionhydroxamate yields very little 
ethanolamine. Instead, the intermediate isocyanate reacts with 
the hydroxy group on the molecule to undergo ring closure 
and formation of 2-oxazolidone. In the case of dinitrophenyl- 
succinamichydroxamate, the intermediate isocyanate probably 
interacts with the neighboring amide group to form dihydrouracil. 


Lossen Rearrangement 
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Both reactions are possible models of situations which may occur 
in Lossen rearrangement of protein-dinitrophenylhydroxamates, 
The presence of neighboring amino groups may result in forma- 
tion of either straight chain or cyclic ureas. 

Application of the Lossen rearrangement for study of carboxy] 
groups in proteins is based on a system of possibilities which 
has been explored in part with model polymers and with gela- 
tin. The presence of aspartic and glutamic acid residues in 
peptide linkage through their w-carboxyl groups as well as con- 
ventional a-carboxyl linkage must be considered. Although 
the less conventional peptide bonds are known to exist in certain 
polymeric substances, e.g. capsular peptides of certain bacteria, 
glutathione, and folic acids, no clear-cut proof of their existence 
in proteins has been offered. Haurowitz and Bursa (27) and 
Kovacs et al. (3) have presented evidence which is highly sug- 
gestive that -glutamyl and §-aspartyl linkages, respectively, 
do occur in proteins. It is possible in many instances, however, 
that chemical handling of proteins may promote interconversion 
of a- and y-glutamyl or of a- and 8-aspartyl peptide bonds by 
way of an imide intermediate which may open subsequently to 
yield one or another favored form. Some of these possibilities 
with regard to peptides have been considered in excellent studies 
by Battersby and Robinson (28, 29), Clayton and Kenner (30) 
and Clayton et al. (31). In our investigation with esterified gela- 
tin the appearance of succinic semialdehyde in the hydrolysate 
of the Lossen-rearranged protein suggests the probable existence 
of y-glutamyl bonds in the treated protein but does not require 
part passu that these must exist in the nonesterified, non- 
hydroxylamidated gelatin. The procedure for esterification in- 
volves use of a dehydrating agent which could promote imide 
formation in the protein. Also, y-glutamy] and B-asparty] esters 
in a modified protein undergoing attack by hydroxylamine under 
mild alkaline conditions might be converted to imide intermedi- 
ates which then could be cleaved with favored formation of 
a-hydroxamates instead of the expected y- and B-hydroxamates: 


o F me O .f 
r—b-v—b_b_N—R’ 


(CH).—C-0-Ci 


O a H O 
n—t_r_—_—_t 
\ 
N—R’ + CH;0H 
( —. 
O 


| NH:0OH 


G' HR’ sos 
n—b\—6—b_N—on 


(bH,),—C—N-R’ 


n = lor 2. 

Either of the transformations discussed above may therefore 
account forthe finding of succinic semialdehyde in the hydrolysate 
of the treated gelatin and for the accompanying disappearance, 
otherwise unexplained, of 31 glutamic acid residues. However, 
the data do not support occurrence of similar a,8-transforma- 
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tions of aspartic acid residues, 7.e. there was no serious discrepancy 
between the number of residues of aspartic acid which disappear 
during Lossen rearrangement of the treated gelatin and that of 
diaminopropionic acid which appeared. If the explanation of 
chemical interconversion applies in the case of glutamic acid 
residues it should apply equally, in the absence of theoretical 
contraindications, to those of aspartic acid. Thus it is possible 
that some ‘y-glutamy] peptide links exist in the original protein. 

The studies of Wieland and Fritz (4) should be mentioned. 
These workers prepared hydroxamates of several peptides, con- 
verted them to benzoylhydroxamates by reaction with benzoy] 
chloride, and then caused the latter derivatives to undergo 
Lossen rearrangement by heating in 0.1 N NaOH. The product 
of rearrangement in each case was a symmetrically substituted 
urea which upon hydrolysis yielded ammonia, urea, and an 
aldehyde characteristic of the C-terminal amino acid of the 
peptide. After esterification of the remaining peptide, the 
sequence of reactions could be repeated and a second terminal 
amino acid degraded. Wieland and Fritz suggested this pro- 
cedure as a method for stepwise degradation of peptides starting 
from the C-terminal end. 

Finally, if imide bonds are created in a protein and opened by 
hydroxylamine with preferential formation of a-hydroxamates, 
subsequent application of the Lossen rearrangement as a 
degradative procedure might result in cleavage of the peptide 
chain. The mechanism of scission would be similar to that sug- 
gested by Battersby and Robinson (28) and Clayton et al. (31). 


SUMMARY 


1. The dinitropheny] derivatives of model hydroxamates were 
prepared and characterized. 

2. Lossen rearrangement of dinitrophenylhydroxamates was 
carried out in dilute solution at alkaline pH values and pro- 
ducts were determined. In all cases rearrangement resulted in 
production of molar equivalent amounts of dinitrophenol, and 
intermediate isocyanate either underwent hydrolysis to yield an 
amine or reacted intramolecularly with another group to form 
a cyclic derivative. 

3. Applied to the dinitrophenylhydroxamate of a polymer of 
the y-methyl ester of glutamic acid, Lossen rearrangement 
resulted in appearance of the expected amine, a , y-diaminobutyric 
acid. 

4. Polyanhydroaspartic acid (polysuccinimide) reacted with 
hydroxylamine forming a derivative containing hydroxamic 
acid groups of at least two different degrees of stability. A 
fraction of the hydroxamate groups was relatively labile and 
hydrolyzed upon prolonged dialysis of the polymer against dis- 
tilled water. Application of Lossen rearrangement to the poly- 
mer containing only the remaining hydroxamate groups resulted 
in formation of a,8-diaminopropionic acid. It was suggested 
that the labile hydroxamate had arisen from imide bonds cleaved 
by hydroxylamine with formation of a-hydroxamates. 

5. Base-processed commercial gelatin was esterified, hydroxy]- 
amidated, and dinitrophenylated. The gelatin-dinitrophenylhy- 
droxamate was made to undergo Lossen rearrangement, and the 
reaction mixture hydrolyzed and analyzed for complete amino 
acid content. The encountered decrease in aspartic acid con- 
tent could be accounted for by appearance of an approximately 
equal number of residues of diaminopropionic acid. However, 
glutamic acid diminished from an initial 71 residues to 32 
residues, a loss of 39; this was accompanied by the appearance 
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of only 8 residues of diaminobutyric acid, leaving 31 of glutamic 
acid unaccounted for. Succinic semialdehyde was demonstrated 
in the hydrolysate of the Lossen-rearranged gelatin-dinitrophen- 
ylhydroxamate, indicating the probable existence of y-glutamyl 
linkages in the treated protein, and offering an explanation for 
the discrepancy in glutamic acid balance. Occurrence of such 
unusual linkages in the treated protein is discussed. 
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In previous publications the existence of an O'8-exchange re- 
action during the course of hydrolysis of adenosine triphosphate 
by myosin has been reported (1, 2). It has been shown that 
this transfer of oxygen between water and a phosphate group 
does not occur with unbound reactant, adenosine triphosphate, 
nor with the product, inorganic phosphate, and hence, must occur 
at some intermediate stage of the hydrolysis. The properties 
of the O"8-exchange reaction could then serve as a probe for some 
of the properties of the active site of the enzyme. In this paper 
we report the effect of metal ion concentration, nature of the 
metal ion, nature of the nucleotide, etc., on the O'8-exchange 
reaction and the implications of these results to the mechanism 
of adenosine*triphosphate hydrolysis by myosin. 


EXPERIMENTAL PROCEDURE 


In a typical run, 75 ml of myosin gel (0.03 m KCl) were mixed 
with 425 ml of H,0" (1.6 atom % excess O"%), containing KCl, 
Tris buffer at pH 7.4, and MgCle. The amounts of the reagents 
added were fixed so as to obtain the following final concentra- 
tions: 0.012 m KCl, and 0.18 m Tris. For a single run 20 ml of 
this mixture were put into a 50-ml plastic centrifuge tube and 
placed in a water bath at 25°. When the solution reached the 
bath temperature, the reaction was started by adding 4 ml of 
0.06 m ATP in water with 1.6 atom % excess of O08 at pH 7.4. 
Periodically, 0.1-ml aliquots of the reaction mixture were taken 
to assay for inorganic phosphate. 

At 80 to 100! % hydrolysis (the time varied greatly depending 
on the metal ion), the reaction was stopped by adding 1 g of 
solid trichloroacetic acid. This was done rapidly with vigorous 
mixing, and the tube was plunged immediately into ice water. 
The cold mixture with the dispersed precipitate of myosin was 
stored overnight in the deep freeze. Next day, the tube was 
thawed and kept at 0° for the subsequent steps. The protein 
coagulum was pressed free of solution and removed with a spat- 


* Senior Research Fellow, United States Public Health Service 
(SF-317). Present address, Department of Pharmacology, New 
York University College of Medicine. Part of this work sup- 
ported by a research grant (RC6276) from the United States Public 
Health Service. Research carried out at Brookhaven National 
Laboratory under the auspices of the United States Atomic Energy 
Commission. 

t On leave from Weizmann Institute of Science. 

1 In some runs with ATP the phosphate liberated was as high 
as 150% indicating myokinase activity. Controls showed that 
there was no significant change in O'* content as a function of 
the extent of hydrolysis. This indicates that myokinase activity 
does not involve an oxygen exchange. 


ula as a white pad. It is interesting to note that in runs con- 
taining DNP? the pad of protein has a yellow color even though 
the acidified solution of DNP is colorless. 

The protein-free solution was mixed with 2 g of Norit A to 
remove nucleotides and filtered with a vacuum through a small 
Buchner funnel. This procedure was repeated with the use of 
2g more of Norit A. Solid barium chloride (150 mg) was added 
and the solution was made basic with solid KOH and allowed to 
stand in the refrigerator for at least 2 hours. The precipitate 
of magnesium and barium phosphate which formed was separated 
by centrifugation. 
the H,0". The precipitate was dissolved in 0.1 Nn HCl and the 
solution was centrifuged to remove the small amount of unknown 
insoluble material which is usually present at this point. The 
clear solution was then treated with 1 g of Dowex 50 in the hy- 
drogen form (to remove cations) together with 1 g of Norit A. 
Two hundred mg of barium chloride (1 ml of a CO--free solution) 
were added to the phosphate solution which was then titrated 
under nitrogen to pH 8 with 0.01 m CO,-free KOH. The titra- 
tion was carried out with vigorous stirring, and the barium phos- 
phate came out at this pH as a fast-settling, crystalline precipi- 
tate. The precipitate was washed 2 times with deionized water, 
2 times with alcohol, and 2 times with ether. After air drying 
the white powder was stored in a vacuum desiccator over con- 
centrated sulfuric acid. 

After the initial treatments of the acid solution with Norit A, 
solutions which originally contained DNP did not become yellow 
when brought to pH 8. Apparently Norit A adsorbs the DNP, 
and hence, more charcoal may be required to remove nucleotide 
in the presence of DNP. To insure that there was complete 
removal of nucleotide an absorption spectrum of the dissolved 
phosphate was obtained for each sample with the use of a record- 
ing spectrophotometer. 

In the first temperature runs (Fig. 3a) when the solutions were 
treated twice with / instead of 2 g of charcoal and when the 
Dowex 50 was added without additional charcoal, there was some 
absorption between’230 to 240 my. At the worst, assuming the 
absorption to be due to nucleotide diphosphate, the absorbing 
contaminant could cause a 10% error in the values for the O¥ 
in the inorganic phosphate. Because of this possibility the 
isolation procedure was modified as described above. With the 
modified procedure used in the second set of temperature experi- 
ments (Fig. 3b) there was no absorption over the entire range 
with either ATP, ITP, or ATP-DNP samples. 


2 The abbreviation used is: DNP, dinitrophenol. 
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The supernatant was saved for recovery of | 
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The barium phosphate sample (10 to 20 mg) was mixed with 
20 mg of highly purified powdered carbon and wrapped in a 
molybdenum boat. The wrapped sample was pyrolyzed under 
vacuum by the procedure of Cohn and Drysdale (3) to obtain 
CO for analysis of the O* content. With the use of this method, 
it was found necessary to change to a clean heating chamber 
bulb after no more than 3 samples were pyrolyzed. It was also 
necessary to obtain a vacuum of 10-' mm of Hg which would 
hold for at least 10 minutes when the system was closed off from 
the pump. When these procedures were followed, values for 
0 content could be reproduced to within 5%. 


Materials 

H,08 with an atom per cent excess of 1.6 was obtained from 
The Weizmann Institute of Science. The nucleotides were ob- 
tained from the Sigma Chemical Company. 

Myosin and reconstituted actomyosin were prepared by meth- 
ods previously described (2, 4, 5). 

In those runs requiring low concentration (0.01 m) of KCl, 
the precipitate of myosin which forms at 0.03 m KCl was washed 
three to four times with deionized water. As the KCl was re- 
moved, the precipitate became a hydrated, crystal-clear jelly 
which was centrifuged out of solution in a Spinco high-speed 
centrifuge. 


RESULTS 


The effect of magnesium concentration on the oxygen-exchange 
reaction is summarized in Table I. As described previously 
(2), the relative atom per cent excess directly expresses the frac- 
tion of phosphate oxygen which is derived from the labeled 
water. Thus, a figure of 0.75 means that three-quarters of the 
oxygen in the phosphate ion comes from the water. This could 
be interpreted to mean that 3 of the 4 oxygens are introduced 
in a stoichiometric manner. However, the fact that the values 
are variable and go as high as 0.89 indicate, instead, that an 
exchange reaction is involved. 

A quantitative measure of the amount of exchange is obtained 
from the term k,t, a derivation of which is described elsewhere 
(2). This term takes into account the undetectable exchange 
which occurs between O of the medium and O* already incor- 


porated into the phosphate by preceding reactions. It is com- 
TABLE I 
Effect of MgClz concentration on oxygen-exchange catalyzed 
by myosin 


Conditions: 0.010 m ATP, 0.10 m KCl, 0.125 m Tris, pH 7.4, 1.4 
atom % excess H20'8. 








Concentration of MgCl: 0 in ee Amount of exchange, ket 

moles/l Relative atom % excess 

0.0001 0.46 0.33 
0.0003 0.69 0.88 
0.0010 0.75 1.08 
0.0025 0.86 1.68 
0.0050 0.86 1.68 
0.010 0.86 1.68 
0.015 0.86 1.68 
0.020 0.87 1.75 
0.025 0.87 1.75 
0.030 0.89 1.88 
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0.10 M KCI, pH7.4, 0.010 M ATP, 0.125 M TRIS BUFFER. FROM 
SLOPE AND INTERCEPT CALCULATE ( ket )mag 1.8 AND Km = 3.6x10-M. 


Fig. 1. O'8§ exchange as a function of Mgt+ concentration. 
Conditions of Table I. Slope, which is 1/Vm, gives (ket)max = 1.8 
and ordinate intercept which is Ky, = 3.6 X 107‘ M. 


TaB_e II 
Effect of metal ion on oxygen-exchange reaction of myosin 
Conditions: 0.010 m ATP, 0.125 m Tris, pH 7.4, 0.01 m metal ion 


as chloride, approximately 1.4 atom % excess O'* in H,O, 0.10 m 
KCl. 








Cation Tonic radius O18 in Pj ket for O'8 exchange 
A Relative atom % excess 
Mg*+ 0.65 0.86 1.68 
Ni*** 0.69 0.80 1.32 
Cot+* 0.82 0.82 1.43 
Mn++ 0.80 0.94 2.52 
Cat+ 0.99 0.34 0.13 
Sr++ 1.13 0.25 0.00 
K+ only 1.33 0.25 0.00 














* A precipitate of myosin and metal is present in the reaction 
vessel with these metal ions. 


posed of two quantities, k, for the velocity of the exchange 
reaction and ¢ for the lifetime of the intermediate which is under- 
going exchange. The product of these, giving the total amount 
of exchange, is shown in column 3 of Table I. Plotting these 
data on an (S) /v against (S) graph (Fig. 1) gives a value of 3.6 x 
10~ for the Michaelis constant of magnesium ion at the O"* ex- 
changing site. The linearity of the plot of (S)/v against the 
first power of the magnesium concentration indicates that only 
1 magnesium ion is involved at each site of O8 exchange. 

The effect of changing metal ion on the O8-exchange reaction 
is summarized in Table II and a graph of the exchange reaction 
as a function of atomic radius of the metal ion is shown in Fig. 2. 
The greatest amount of exchange is catalyzed by manganese 
with a radius of 0.79, with lesser amounts for those metals with 
a smaller radius (i.e. magnesium and nickelous) or with a larger 
radius (calcium and strontium). Magnesium is thus lower than 
manganese but shows a slight increase over Nit+ and Co*t. 
These data show that the O"8 reaction has a specificity for the 
metal ion and that this specificity is at least in part dependent 
on the radius of the metal ion. A different optimal radius cor- 
responding to Ca** has been observed in the overall hydrolysis 
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RADIUS OF METAL ION 
Fic. 2. Effect of ionic radius on O'8-exchange reaction of myo- 
sin. 
TaBe III 
Effect of KCl concentration on O'8-exchange reaction of myosin 


Conditions: 0.010 m ATP, 0.01 m MgCl, 0.150 m Tris, pH 7.4, 
approximately 1.40 atom % excess H:0"*. 








KCl concentration O" in Pj ket 
moles /I Relative atom % excess 
0.01 0.87 1.75 
0.025 0.87 1.75 
0.05 0.89 1.87 
0.10 0.88 1.83 
0.15 0.88 1.83 
0.20 0.86 1.68 
0.30 0.86 1.64 
0.60 0.66 0.78 











of ATP by myosin (6) indicating that the O” exchange is not 
simply related to a single rate-determining step in the hydrolysis. 

The effect of potassium chloride concentration on the O"*-ex- 
change reaction in the presence of 0.01 m magnesium chloride is 
shown in Table III. From the study of magnesium chloride con- 
centration at 0.1 m KCl, it appears that the exchanging site is 
saturated with respect to magnesium at 0.01 m. Increasing KCl 
could have two effects, (a) it could compete with magnesium 
chloride for the exchanging site and/or (6) it could affect the 
general properties of the myosin molecule and hence have an 
indirect effect on the active site. It is seen that increasing KCl 
from 0.01 to 0.3 m has no significant effect on the O exchange- 
reaction. The overall rate of hydrolysis, however, decreased 
with increasing salt so that at least 50% of the activity was lost 
at 0.8 m KCl. This suggests that KCl at less than 0.3 m was 
unable to displace magnesium from the exchange site and did 
not indirectly change the active site as far as the O"* reaction 
was concerned. At 0.60 m, however, an appreciable drop in the 
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O'8-exchange reaction occurred indicating that a direct competi- 
tion with magnesium and/or a general effect on the protein 
occurs. It should be noted that hydrolysis in the absence of 
added divalent metal (KCl only) gives little exchange. 

Table IV gives the rates of O exchange with different nucleo. 
tides. It is seen that the greatest exchange is observed with 
ATP and smaller but sizable exchanges with CTP, ITP, UTP 
and GTP. Actin operated to lower exchange rates for all the 
nucleotides with the exception of CTP. The order of exchange 
velocity for the nucleotides was quite similar for the myosin- 
and actomyosin-catalyzed systems. These results show that the 
purine or pyrimidine which is attached to the ribosetriphosphate 
as well as actin has a marked influence on the rate of O'* exchange. 

The temperature dependencies of the O"8 exchange-reaction for 
ATP, ITP, and ATP in the presence of DNP are shown in Fig, 
3a. The curves for ATP alone and ATP in the presence of DNP 
are quite similar. The amount of exchange for ITP is less in 
absolute amount than ATP but the nature of the temperature 
dependence is again similar. When the experiments were re- 
peated with a different myosin preparation, the results summa- 
rized in Fig. 3b were obtained. From these it is clear that the 
general nature of the curves is similar for the two protein prep- 
arations but detailed values do not agree. Careful checks es- 
tablished that these variations were not due to errors in O# 
assay, to contamination by nucleotide in the phosphate fraction, 
or to other obvious sources of experimentalerror. The variation 
appeared to be due to differences between the enzyme prepara- 
tions and the amount of aging. It is known that myosin activity 
and solubility change on aging (7, 8) and the general sensitiv- 
ity of the myosin molecule is again evident by the data of Figs. 
3a and 3b. 

Identical runs with ITP in the presence of DNP resulted in 
no measurable exchange of oxygen at all temperatures below 
20° (Run 1) or 25° (Run 2). At these temperatures and above 
there was a small but real exchange giving a kt of only 0.15 to 
0.20. This represents a marked inhibitory action of DNP on 
O" exchange under these conditions in sharp contrast to the 
small influence of DNP on the O" exchange during hydrolyses 
of ATP. Whether or not the temperature dependence of the 
exchange with ITP-DNP is qualitatively different from that 
determined for the other conditions (Fig. 3) cannot be decided 
because of the very low levels of exchange which are below the 
sensitivity of the O determinations. In any event the large 
quantitative difference shows again the influence of the purine 
moiety of the nucleotide. 


TaBLeE IV 
Effect of nature of nucleotide on O'8-exchange 
reaction of myosin and actomyosin 


Conditions: 0.01 m nucleotide triphosphate, 0.01 m MgCl, 0.150 
M Tris, pH 7.4, 0.10 m KCl. 

















0% in Pj ket for O'8 exchange 
Basic portion of nucleotide 
triphosphate 

Myosin Actomyosin Myosin Actomyosin 

Relative atom % excess 
Adenosine........... 0.84 0.76 1.5 1.1 
0 0.66 0.66 0.79 0.79 
| 0.68 0.50 0.85 0.41 
(Se) ae 0.59 0.40 0.61 0.22 
Cpeemeeot. 3... 5. eos 0.42 0.28 0.26 0.04 
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Fic. 3. Temperature dependence of O"*-exchange reaction during hydrolysis of ATP and ITP by myosin. 


ation which had aged 2 days. 
0.01 m nucleotide triphosphate. 


DISCUSSION 


The results reported above taken in conjunction with the 
temperature dependence of the overall hydrolysis lead to the 
following major conclusions regarding the O'*-exchange reaction. 

1. The site of the O exchange has a position for a single 
divalent metal ion. The optimal radius, for the O'% exchange, 
is that of the Mn*+ ion with the overall amount of exchange de- 
creasing as the radius is increased or decreased from this value. 
However, the rate is still exceedingly high with magnesium ion 
which is required for contraction in vitro (e.g. superprecipitation, 
contraction of fiber models). It is very low with calcium ion 
which does not by itself support contraction of this kind. 

2. The purine or pyrimidine base in the nucleotide triphos- 
phate influences the amount of O” exchange. This means that 
it must be present at the active site when exchange is occurring. 
This fact excludes a simple formation of an enzyme-POQ; inter- 
mediate which then exchanges in the absence of cleaved nucleo- 
tide diphosphate. Either the exchange occurs with an enzyme- 
PO; intermediate at an active site to which the nucleotide 
diphosphate is still adsorbed, or it occurs with the tightly ad- 
sorbed nucleotide triphosphate, or it occurs in a reversible step or 
steps. The latter would have to involve both nucleotide and 
H,0" although the H,O" might be introduced indirectly e.g. 
through a carboxyl group. 

At first consideration it might appear that the first alternative 
seems the least acceptable since previous results have shown that 
no exchange is observed between ATP and P*-labeled ADP 
during myosin hydrolysis (9). However, if O exchange occurs 
by the other alternatives, back reaction to undissociated ATP is 
again slow since little O'* was found in unhydrolyzed ATP (2). 
If this can be, it seems no more difficult to consider a tightly 
bound ADP which does not dissociate until the enzyme-PO; bond 
is broken. Hence, the decision between these alternatives must 
await other evidence. 
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(a, left) Protein prepar- 


(b, right) Protein preparation which had aged 3 days. Assays contained 0.1 m KCL,0.01 m MgCl, and 


3. The O"-exchange reaction bears no simple relation to the 
rate-determining step in hydrolysis. This is indicated by the 
lack of correlation between the exchange and hydrolysis rates 
as modified by metal, the change in the magnesium ion concen- 
tration, the nucleotide, or the KCl concentration. The com- 
parison of the temperature dependence of the O"* exchange with 
the temperature dependence of the overall hydrolysis (10) leads 
to the same conclusion. 

No definitive reason for a complex temperature dependence 
can be given at present. However, an explanation that is in 
accord with a wide variety of evidence is that the O" exchanging 
area of the active site is very sensitive to changes in protein 
conformation. It has already been suggested that such con- 
formation changes are responsible for nonlinear Arrhenius plots 
of the overall hydrolysis rates run under certain conditions (10). 
The dependence of the 0” exchange on the preparation itself, and 
the sensitivity to small variations in metal ion radius support 
this conclusion. There are also the possibilities that a sequence 
of steps with each intermediate with its own &k, is involved in 
the O'8 exchange or that k, is composed of a sequence of steps.’ 
These latter possibilities require a number of assumptions about 
relative rates of the steps and seem to be less likely in view of 
other observations (10). 

The above discussion emphasizes an important feature of the 
O"8 exchange studies, i.e. that this technique allows us to deter- 
mine the properties of a step or steps in the reaction which could 
not be ascertained by studies of the overall hydrolysis. These 
properties do not have to be identical to the properties of the 
overall reaction, and this is certainly found to be true in this 


3 Because of the long reaction times (4 hours at 25°, 20 hours at 
0°) required to get sufficient inorganic phosphate for O" analysis, 
there is the possibility that the O'* exchange was affected by 
irreversible, as well as reversible, alterations of the protein struc- 
ture. This might explain some of the complexity in the Arrhenius 
plot of ket. 
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system. The possibility that the site which catalyzes the O¥ 
exchange is entirely separate from the hydrolysis site is excluded 
by the low O* content in the unhydrolyzed ATP as compared to 
the high O" content of the product P;. It appears probable, 
therefore, that the O'8-exchange reaction occurs at the active 
site for hydrolysis, and a number of amino acids are common to 
the two processes. This is indicated by such facts as the involve- 
ment of the terminal phosphate and the amino group of the 
nucleotide in the hydrolysis velocity as well as the 08 exchange. 
However the markedly different response to changes in metal 
ion, nucleotide nature, etc. suggest that at least some of the amino 
acids responsible for the two reactions are different. 

4. Actin reduced the amount of O" exchange for all the nu- 
cleotides with the exception of CTP. This agrees with previous 
studies with ATP only. In the earlier studies (2) of the myosin- 
and actomyosin-catalyzed exchange the experiments were car- 
ried out at room temperature with no careful thermostatic con- 
trol. The sensitive and complex dependence of O exchange on 
temperature was not known and the primary concern then was 
to establish the exchange as a true property of myosin. The 
extent of exchange in the earlier runs was considerably lower 
(the average relative atom % excess from myosin was 0.68) than 
in the later studies and showed greater variation. It seems likely 
that these earlier lower values were obtained nearer 20° than 
25°, and, therefore, no direct strictly quantitative comparison 
with the later values is possible. In the previous work with 
actomyosin, conditions (0.005 m ATP, 0.05 m Tris, pH 7.4) were 
such as to give a marked superprecipitation on addition of ATP. 
In the present studies with 0.01 m ATP and 0.150 Tris, the acto- 
myosin preparations, although in the gel form, did not quickly 
superprecipitate on addition of ATP or the other nucleotides. 
Only after some hours did the precipitate settle, showing the 
appearance of superprecipitated actomyosin. Compared to the 
myosin-catalyzed system, the decrease in exchange when actomy- 
osin underwent rapid superprecipitation with ATP was of the 
order of 50% (2). In the runs reported here, there were rela- 
tively smaller differences between myosin and actomyosin for 
ATP and CTP, but large differences with the other nucleotides 
which show a low level of exchange even with myosin. It seems 
likely that the effectiveness of actin as a depressant of O'8 ex- 
change depends upon a specific interaction with myosin and that 
at high nucleotide concentration particular groups on the nu- 
cleotides can compete to varying degrees with actin for the bind- 
ing site on myosin. ATP and CTP with the —6 NH: group 
might compete most effectively. The observed exchange with 
actin present could be, then, a measure of different proportions 
of a myosin-catalyzed hydrolysis (high exchange) and an acto- 
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myosin-catalyzed hydrolysis (low exchange), with a larger pro. 
portion of the former when ATP and CTP were used. Never. 
theless, even if this is so, the myosin- and actomyosin-catalyzed 
exchanges do show a very similar order for the different nucleo. 
tides suggesting that hydrolysis by either system involves the 
same myosin site modified to varying degrees by specific inter. 
action with actin. 


SUMMARY 


The O"8-exchange reaction occurring during the hydrolysis of 
nucleotide triphosphate by myosin has been investigated as 4 
probe of the active site. It has been found that the extent of 
the exchange is dependent on the nature of the nucleotide and 
on the nature of the bivalent metal ion. One atom of metal is 
bound per O exchanging site and the specificity is correlated 
with the radius of the metal ion. The O8 exchange also appears 
to be a function of the protein preparation. 

Temperature dependence of the O'* exchange is complex show- 
ing a much different dependence on the nature of the nucleotide 
or the presence of DNP than the overall rate of hydrolysis, 
The extent of O'8 exchange bears no simple relationship to the 
overall rate of hydrolysis. 

The results are discussed in terms of the mechanism and the 
use of such an isotopic probe to study a nonrate-determining 
step in the reaction. 
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Sialic acid is the name commonly applied to several acyl- 
substituted derivatives of neuraminic acid (1, 2). It occurs 
combined in a wide variety of substances including mucopro- 
teins, mucolipids, oligosaccharides, and in nucleotides (3). Mu- 
coproteins containing as much as 10 to 15% of sialic acid have 
been prepared from a variety of sources. The linkage of sialic 
acid appears to be terminal in all cases, and liberation of the free 
sialic acid is readily accomplished by heating in dilute acid or 
by the action of certain enzymes (1, 2). Several methods have 
been available for the determination of sialic acid, including the 
direct Ehrlich test (4), Bial’s reaction (4), and a modification of 
the Bial’s reaction (5). More recently, a very sensitive method 
employing thiobarbituric acid has been developed (6) in which 
interference by other biological material appears to be mini- 
mized. 

Chicken egg white contains several different mucoproteins 
(7). Two of these, the ovomucoid and the ovomucin, have been 
reported to contain sialic acid (4, 8, 9). Ovomucoid has tryp- 
sin-inhibitory activity and is comparatively water-soluble and 
heat-stable. Ovomucin is a very poorly characterized het- 
erogeneous fraction which is highly gelatinous in alkaline solu- 
tion and insoluble in acid solutions (7, 10). It has been sug- 
gested that this fraction is important in the structure of the thick 
egg white and yolk membrane. Ovomucin reputedly undergoes 
significant changes or reactions within the egg according to 
theories proposed for the cause of thinning of the thick white 
(11-17) and weakening of the yolk membrane on incubation of 
infertile eggs (12, 17). 

In common with certain other proteins containing sialic acid, 
the ovomucin fraction possesses inhibitory activity against viral 
hemagglutination of erythrocytes (18-20). The sialic acid is 
the substance liberated from the inhibitors, and probably from 
the erythrocytes, by preparations of the active virus (1,8). The 
neuraminidase enzymes, which also liberate sialic acid from 
these substances, have been isolated and purified from Vibrio 
cholerae (21) and Clostridium perfringens (22). The ovomucoid 
fraction, which also contains sialic acid, possesses inhibitory 
activity against trypsin but no inhibitory activity against viral 
hemagglutination (19). 

The present report describes the preparation of sialic acid 
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from chicken egg white and the distribution and possible role 
of sialic acid in the properties of the constituents of the egg. 
The sialic acid contents of the egg whites of other avian species 
are reported elsewhere (23). 


EXPERIMENTAL PROCEDURE 


Preparation of Sialic Acid—Sialic acid was isolated from egg 
white or crude ovomucin by slight modifications of published 
methods (1, 2). Hydrolyses of both ovomucin and egg white 
were conducted with sulfuric acid. The mixtures were diluted 
with 3 volumes of water, titrated to approximately pH 1.0 to 
1.5, and heated at 70 to 80° for 1 hour. Some browning oc- 
curred during these hydrolyses. Sulfate ion was removed from 
the hydrolysates by precipitation with barium hydroxide, and 
the excess barium ion was removed by adsorption on the hy- 
drogen form of Dowex 50. Final isolation was achieved by 
adsorption and elution from the formate form of Dowex 1. 

Fractionation of Egg White—Egg white was separated from 
fresh eggs and carefully blended as previously described (20). 
The blended white was employed as a standard and included in 
all subsequent analyses in which egg white or preparations of 
ovomucin were analyzed. Small volumes of blended white 
were frozen in separate containers and stored at —10° until 
used as standards. 

Crude ovomucin was prepared by methods employing acid- 
ification or dilution of the white (7). In this report, all prep- 
arations are considered to be crude ovomucin because of the 
questionable purity of any preparation of ovomucin. 

The general fractionations of egg white and preparations of 
individual constituents were performed as recently described by 
adsorption and elution from CM-cellulose and collection of the 
eluates on a fraction collector (24, 25). Combinations of step- 
wise changes and gradient changes of eluting buffers were em- 
ployed. The ovomucoid fractions (9) and flavoprotein prepara- 
tions (26) were similar to the ones recently described. The 
trypsin-inhibitory and riboflavin-binding capacities were de- 
termined by spectrophotometric assays (9) and fluorescent 
titrations (26), respectively. 

Preparation of C'*-Labeled Ovomucoids—An actively laying 
hen was injected intraperitoneally with a solution containing 
14 mg of pt-phenylalanine (obtained from the Volk Radiochemi- 
cal Company) labeled with C™ in position 3. The preparation 
had a declared specific activity of 15 we per mg. The whites 
of the first, second, and third eggs obtained after injection were 
examined for radioactivity. The second egg contained the high- 
est amount of radioactivity. Negligible amounts were found 
in the first egg, and the third egg contained less than one-fourth 
the amount detected in the second egg. 

Radioactivity was measured by direct counting with a Geiger- 
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Mueller tube on 1 mg of protein or egg white dried from solution 
in a planchet. No attempt was made to correct for self-ab- 
sorption. As counted in this manner, the egg white had 710 
¢.p.m. per mg. 

The radioactive egg white (30 ml) was fractioned sequentially 
on CM-cellulose and DEAE-cellulose by stepwise elution, es- 
sentially as recently described, into the two principal fractions 
of ovomucoid containing medium and low amounts of sialic acid 
(9). These fractions were employed in the experiments de- 
scribed below. 

Preparation of Chalazae and Yolk Membranes—Chalazae were 
removed from egg white with a pair of forceps and washed by 
suspending in a buffer of 0.5% NaCl and 0.05 m NaHCO; at 
pH 9.0. Small, adhering clumps of thick egg white were then 
removed by rolling the chalazae on absorbant tissue paper until 
only white cordlike material remained. These were washed 
again in the buffer and finally rinsed with five changes of dis- 
tilled water. 

Egg yolks were separated from the white, and the last traces 
of white were removed by rolling the yolks across absorbant 
tissue paper. The yolks were cut open and the contents re- 
moved as thoroughly as possible by drainage. The membranes 
were then washed by suspending and careful swirling in several 
changes of the same buffer used for chalazae. They were then 
rinsed five times with distilled water. 

Determination of Sialic Acid—Sialic acid was determined rou- 
tinely by the thiobarbituric acid assay of Warren (6) with the 
slight modification that the volumes of all materials were doubled. 
This facilitated the mixing of samples and reagents. Crystalline 
sialic acid prepared from Escherichia coli! was used as a primary 
standard. 

Reagents and Enzymes—2-Thiobarbituric acid and cyclohex- 
anone were purchased from the Distillation Products Industries. 

Crude neuraminidase was isolated from culture filtrates of 
C. perfringens (Boyd Bp65) by the method of Popenoe and Drew 
(22). The organism was cultured in a medium with the follow- 
ing composition per liter: nutrient broth (Difco Company), 6.0 g; 
riboflavin assay medium (Difco Company), 2.5 g; NasHPO,, 
1.06 g; sodium citrate, 0.5 g; and 0.8 ml of 80% thioglycolic acid. 
The following metal ions were added as chlorides in the concen- 
trations indicated: potassium, 40 p.p.m.; magnesium, 5 p.p.m.; 
iron, manganese, zinc, and cobalt, each 0.5 p.p.m. The medium 
was inoculated with a deep-meat culture of C. perfringens (0.3 
to 1.0 ml per liter of medium) and incubated at 37° for 30 to 40 
hours. The bacterial cells were removed by centrifugation at 
1° for 45 minutes. The enzyme was precipitated from the cul- 
ure medium with ammonium sulfate (600 g per liter of culture) 
at 2° and recovered by filtration with suction after standing for 
24 hours. The precipitated enzyme was dissolved in water and 
dialyzed against two changes of 10 volumes of a buffer of 0.1 m 
acetic acid-ammonium hydroxide at pH 4.8. The enzyme was 
further purified by adsorption on a short column of CM-cellu- 
lose (3 g per liter of original culture) at pH 4.8, followed by wash- 
ing with the buffer at this pH. The principal fractions con- 
taining enzymatic activity were eluted from the exchanger at 
pH 5.4 to 6.0 with 0.1 m acetic acid-ammonium hydroxide. Such 
fractions were combined. Additional protein eluted at higher 
pH values contained only insignificant amounts of the enzyme. 

1 Sialic acid (N-acetylneuraminic acid) was kindly supplied by 
Dr. Saul Roseman and Dr. D. G. Comb, University of Michigan, 
and was prepared from E. coli, strain K235. 
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The active fractions did not contain detectable amounts of 
proteolytic enzymes or the enzyme which cleaves sialic acid 
into pyruvic acid and a substituted hexosamine (22). The op 
tical densities of the solutions were determined at 280 my, and 
an optical density of 1.0 was arbitrarily selected as equivalent 
to a concentration of protein of 1.0 mg per ml. Further puri. 
fication could be accomplished by repeating the adsorption op 
a column of CM-cellulose and eluting with a gradient. In 
several such experiments the peak of activity was obtained at 
approximately pH 5.5 with yields of one-third to one-half of 
the activity applied to the column. 

The activity of neuraminidase fractions was determined by 
incubating for 30 minutes an aliquot of each fraction with egg 
white which had been diluted twenty times with a buffer of 
0.1 m acetic acid-ammonium hydroxide at pH 5.5. The amount 
of sialic acid liberated as determined by the thiobarbituric acid 
assay was employed to calculate the relative neuraminidase 
activities. Active fractions were frozen and stored at —10° 
until used. 

Physical Analyses—A Beckman model DU spectrophotometer 
or a Bausch and Lomb Spectronic-20 colorimeter was used for 
the spectrophotometric studies and determinations of optical 
densities. 


RESULTS 


Preparation and Properties of Crystalline Sialic Acid from Egg 
White—Nine different samples of sialic acid were prepared from 
egg white or crude ovomucin. The yield of sialic acid varied 
from 50 to 75% of that initially present in the starting material. 
The lyophilized acid could be crystallized from water and glacial 
acetic acid; from water, methanol, and ethyl ether; from water 
and dioxane; or by direct suspension in absolute methanol. It 
was routinely crystallized and recrystallized from water and 
dioxane at approximately 80% dioxane. 

Samples of sialic acid from egg white and from E. coli! were 
recrystallized under similar conditions from water and dioxane 
and their properties compared. They appeared to be identical 
by the following criteria: crystal habit (needles); absorption 
spectrum of the products in the thiobarbituric acid assay; x-ray 
diffraction pattern; Ry value (0.15) on ascending paper chroma- 
tograms developed in butanol-acetic acid-water (4:1:5). Sialic 
acid was also prepared from egg white with hydrolysis by neu- 
raminidase rather than by acid and appeared to be identical to 
that prepared by acid. Since the E. coli sialic acid has been 
identified as N-acetylneuraminic acid (27), it would appear that 
the principal component of egg-white sialic acid is also N-acetyl- 
neuraminic acid. The possible presence of minor amounts of 
other sialic acids and a more rigorous proof of the structure of 
the major component were considered beyond the scope of the 
present investigation. 

Assay of Sialic Acid—Since the thiobarbituric acid assay 
measures only free sialic acid, analyses of the sialic acid in egg 
white or egg-white proteins were of necessity preceded by 4 
hydrolytic step. Optimal conditions for acid hydrolysis of 
chicken egg white were determined after study of the extent of 
release of sialic acid with sulfuric acid concentrations ranging 
from 0.01 to 0.1 N, with hydrolysis temperatures of 60 to 90°, 
and for time durations of 0.5 to 5.0 hours. The conditions 
selected were 2 hours at 0.03 to 0.05 n sulfuric acid, temperature 
80°. Either 1 or 3 hours appeared equally satisfactory, but 0.5 
hour gave only 80 to 85% the amount of hydrolysis obtained at 
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Qhours. Lower concentrations of acid required longer hydrolysis 
periods, whereas hydrolysis at higher acid concentrations was ap- 
parently accompanied by destruction of sialic acid. Tempera- 
tures of 70 or 90° were less desirable than 80°. 

The thiobarbituric acid method was performed according to 
Warren (6), with the exception of a minor modification in which 
the quantities of sample and reagents used in the test were 
doubled. The need for this modification appeared to be due 
to difficulties in mixing small quantities of viscous materials 
with the sodium periodate in the initial step of the method. 
Values of sialic acid content of a standard egg-white preparation, 
included in each assay, had an average deviation from the mean 
value of 4.5%. 

In several analyses on egg white, the thiobarbituric acid assay 
was preceded by enzymatic liberation of sialic acid by neuramini- 
dase rather than by acid hydrolysis. Essentially complete re- 
lease of the sialic acid was obtained after incubation of 0.5 ml 
of egg white and 3 ug of enzyme in a total volume of 2.0 ml 
buffered at pH 5.5 for 1 to 2 hours at 37°. For routine deter- 
minations all samples were incubated for 3 hours. In order to 
compare the hydrolytic methods, replicate analyses were made 
on egg white, thin egg white, thick egg white, chalazae, and yolk 
membranes, with either acid or enzymatic hydrolysis. Similar 
results were obtained except that the enzymatically hydrolyzed 
samples averaged 5% higher than the acid-hydrolyzed samples. 

Table I presents the results of one of several experiments 
designed to study the use of neuraminidase, the presence of any 
dialyzable or free sialic acid in egg white, and the recovery of 
added sialic acid. Various mixtures of 0.5 ml of egg white, 
crystalline sialic acid, and neuraminidase, in a total volume of 2 
ml of a buffer of 0.05 m sodium chloride and 0.1 m acetic acid- 
ammonium hydroxide at pH 5.5, were dialyzed against 4 volumes 
of the same buffer at 37° for 3 hours. The solutions inside and 
outside of the dialysis tubes were assayed for sialic acid without 
prior acid hydrolysis and the total recoveries calculated. Re- 
coveries were practically complete and the sialic acid was nearly 
equally distributed on a concentration basis between the two 














solutions. Essentially no free sialic acid was found. In another 
experiment, aliquots of egg white dialyzed at pH 4.0, 5.5, 7.0, 
TABLE I 
Enzymatic release of sialic acid from egg white 
Additions* Sialic acid found 
Sialic acid os 
4 Te sa. a:.1.-:,| Total | Re- 
As egg Crystal- é Inside dialysis | Outside dialysis | found | covery 
white ine | Total 3 
(bound) | (free) 2 
ug ry ug/ml | us | ug/ml us ug % 
178 0 | 178) 6 19.8} 40; 15.4| 123} 163] 92 
178 315 | 493 | 6 50.5 | 101 | 46.3 | 370 | 471) 95 
178 315 | 493 | 0 34.0 | 68] 33.0 | 264] 332 | 105t 
178 0 | 178) 0 | <4 <7 | <0.5 | <4] <11 |] <6 
0 315 | 315 0 30.8 | 62) 29.8 | 2388 | 300| 95 
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* Conditions for addition of enzyme, incubation, and dialysis 
are described in text. Egg white (bound) sialic acid added as 
0.5 ml of egg white. 

t Recovery is calculated on the basis of the added crystalline 
sialic acid. 
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TasBie II 
Sialic acid content of egg constituents 
Virus antihemag- 
Constituent Sialic acid vfistnation pe 
nitrogen*® 
% 
Ovalbumin (crystalline)............. <0.1 <0.01 
Conalbumin (crystalline)............ <0.1 <0.01 
Lysozyme (crystalline).............. <0.1 <0.01 
DURE on oss sco 3s 5 545 eNineaeets 0.5 ? 
ie Hirsh dey aR ad dd 0.7t 0.01 
Ovommnnbie fe Pe AR 2.6t 50 
Egg white 
Me ass Fanaiieus seh naiogdt 0.25t 0.3 
WO Sak ise) os). Sie 0.39f 1.4 
WIN a7, abs ds. dink Seaside oe 0.29} 0.9 
Welle SOONG, «nook ose do ok oe rene 2.2t 6.0 
CS oe... ateicts dba + aacuanineea 2.3t 11.0 
Shell membrane... .... 0... seessesse <0.05 0.005 











* The values for ovalbumin, conalbumin, lysozyme, and ovo- 
mucoid are estimated from data of Lanni et al. (18) and Gottschalk 
and Lind (19). Other values are taken from Sugihara et al. (20). 
These values should be multiplied by 10’ for conversion to units. 

{ These materials vary in sialic acid content depending upon 
method of preparation. The value for ovomucoid is an average 
for the total ovomucoid. The various fractions of ovomucoid 
are discussed in the text. 


t Values for sialic acid are the averages of multiple determina- 
tions (>6) on several preparations. 


and 9.6 (without neuraminidase) contained no detectable (less 
than 3%) bound and dialyzable sialic acid. 

When assays for sialic acid were done on egg white as described 
above, either with acid hydrolysis or enzymatic hydrolysis, the 
absorption spectra exhibited a maximum at 450 my in addition 
to the maximum for sialic acid at 551 mp. This was found to 
be due to the reaction of a variety of carbohydrates (present in 
egg white) with sodium periodate, probably to produce formic 
acid. This formic acid reacted with the thiobarbituric acid to 
give a color with a maximum at 450 mp2 The absorption of 
this material at 551 my was very small and was not usually 
considered. Certain materials high in carbohydrate and very 
low in sialic acid, however, may require consideration of such 
interference. 

Distribution of Sialic Acid in Egg-White Proteins—The con- 
tents of sialic acid in various of the egg-white proteins and the 
structual elements of the egg are given in Table II. Of the 
previously recognized proteins, only the ovomucin, ovomucoid, 
and flavoprotein contained significant amounts of sialic acid and 
contributed approximately 40, 30, and 2%, respectively, of the 
total sialic acid of egg white. These figures were calculated 
from the data of Table II and were based on the following per- 
centages of each of the constituents in egg white: crude ovomucin, 
4; ovomucoid, 11 to 12; and flavoprotein, 0.8. Asa result of the 
above calculations which accounted for only three-fourths of the 
sialic acid, egg white was fractionated in an effort to locate the 
missing sialic acid. 

2 Dr. Leonard Warren, in a private communication, has stated 
that various substances, such as‘formic acid and acetone, give a 


material which absorbs at 450 mz but which contributes nothing 
to the optical density at 549 mu. 
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Egg white was dialyzed at pH 4.3 and the resulting precipitate 
of ovomucin was removed by centrifugation. The supernatant 
was applied to CM-cellulose at pH 4.3 and eluted by stepwise 
changes of the buffer. Three fractions were collected. The 
sialic acid was approximately distributed as follows: ovomucin 
fraction, 40%; the pH 4.3 fraction (ovomucoid and flavoprotein), 
40%; and the pH 4.3 to 5.5 fraction, 20%. The missing sialic 
acid, therefore, appeared to be in the pH 4.3 to 5.5 fraction. In 
a second experiment, the ovomucin was separated from egg 
white as described above. The supernatant was applied to CM- 
cellulose and eluted by gradient elution. Fractions containing 
small amounts of sialic acid were concentrated for analysis. The 
following distribution of sialic acid was obtained: ovomucin 
fraction, 42%; the pH 4.3 fraction (ovomucoid and flavopro- 
tein), 36%; the pH 4.3 to 5.5 fractions, 15% (nearly half of which 
occurred in the pH 4.5 to 4.9 fractions of crude ovalbumin); 
and the fractions eluted above 5.5, less than 6%. Thus evi- 
dence was obtained for the presence of sialic acid in several 
unidentified constituents. Although the recovery of sialic acid 
was nearly quantitative, the exact distribution of sialic acid in 
these fractions was only an approximation because of the very 
small amounts of sialic acid and large amounts of protein in 
several of the fractions. 

Distribution of Sialic Acid in Structural Constituents—Re- 
peated determinations of sialic acid were made on several dif- 
ferent preparations of thick, thin, and whole egg white, chalazae, 
and yolk membranes (Table II). These structural elements 
were either high in sialic acid, as in the cases of chalazae and yolk 
membranes, or showed significant differences, as with the thick 
and thin egg whites. The sialic acid contents of chalazae and 
yolk membranes were found to be similar to ovomucin. In this 
regard, it has been suggested that the chalazae may be formed 
from the ovomucin by a physical winding or twisting action 
around the yolk as the egg slowly revolves while moving down 
the hen’s oviduct (28), and that ovomucin gives support to the 
yolk membranes (12, 17). The ratio of the amount of sialic 
acid in the thick and thin egg white was found to be 1.6. A 
similar ratio of 1.5 was calculated when the differences in these 
two fractions were assumed to be due to the differences in their 
contents of ovomucin. These calculations were based on the 
presence of 4 times the amount of ovomucin in the thick white 
as in the thin white (29), and on the 40% contribution of ovo- 
mucin to the sialic acid content of the egg white. 

Table II also compares the content of sialic acid of the various 
materials with the inhibitor activities against hemagglutination 
by viruses. Of the proteins, only ovomucin has been found to 
possess inhibitory activity. This is reflected in the distribution 
of inhibitor activity in the thick and thin egg white, which 
correlates with the fact that the ovomucin is 4 times more con- 
centrated in the thick white than in the thin white, and with 
the contribution of sialic acid by ovomucin in these two struc- 
tures. 

Studies on Heterogeneity of Ovomucoid—The question of the 
previously reported (9) existence of several fractions of ovo- 
mucoid containing different amounts of sialic acid was rein- 
vestigated with the C-labeled fractions of ovomucoids. 

The fraction containing the higher amount of sialic acid, 1.1%, 
was added to 5 ml of egg white and the mixture refractionated 
on CM-cellulose after dialysis and removal of the ovomucin. 
Over 75% of the recovered radioactivity reappeared in the frac- 
tion separated between pH 3.5 and 4.15. The fraction con- 
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taining the lower amount of sialic acid, 0.6%, was added to 
another aliquot of egg white and refractionated. More than 
90% of the recovered radioactivity appeared in the appropriate 
fraction separated between pH 4.15 and 4.4. 

The role of sialic acid in the trypsin-inhibitory activities of the 
different ovomucoids was investigated by comparing the ae. 
tivities of preparations before and after the removal of the sialic 
acid by the action of neuraminidase. No differences were noted. 
In a similar manner, the sialic acid in the preparations of flavo- 
protein was found unessential for the binding of riboflavin. 

Possible Role of Sialic Acid in Structural Components of Egg— 
Possible systems for studying the biochemical changes in vitro 
related to the physical changes in intact eggs were investigated, 
It was found that isolated yolk membranes disintegrated rapidly 
under conditions similar to those encountered in the intact egg. 
Membranes incubated at 37 to 50° in 0.05 to 0.16 m NaCl or 
NaHCO; at pH 8.5 to 9.5 completely disintegrated in 3 to 7 
days, giving only a small amount of sediment. The rate of 
disintegration was markedly affected by the ionic strength and 
pH. Membranes incubated in 0.01 m salt or at pH values be- 
low 8 disintegrated only very slowly. During disintegration, 
protein, including lysozyme, appeared in the supernatant buffer, 
The rates of release of both lysozyme and total protein from the 
membranes appeared to correlate with the rate of disintegration 
of the membranes. 

Solubilization of materials containing sialic acid also occurred 
during disintegration of the membranes. The sialic acid was 
still bound, however. Experiments in which yolk membranes 
were incubated at pH 5.5 in 0.1 m acetic acid-ammonium hy- 
droxide buffer at 37° in the presence of neuraminidase gave 50 
to 60% release of the sialic acid with little or no free lysozyme 
present in the supernatant. However, no change in the physical 
appearance of the membranes could be observed. In addition, 
enzyme-treated and untreated membranes incubated in 0.05 u 
NaHCoOs,, pH 9.5, at 50°, disintegrated at nearly identical rates. 
Thus, no labilization or stabilization by the prior treatments 
with neuraminidase could be observed. 

Corollary studies with duck yolk membranes appeared to 
substantiate the technique of incubating yolk membranes in 
vitro. When duck and chicken yolk membranes were incubated 
under identical conditions, the duck membranes showed only 
very slight changes after periods of time in which chicken mem- 
branes were largely disintegrated. This relative stability of 
duck membranes is in direct agreement with the recent report 
that the rates of the physical changes in intact chicken eggs are 
approximately 10 times those in duck eggs (30). 


DISCUSSION 


The sialic acid isolated from egg white appears to be similar to 
the sialic acid obtained from E. coli. The latter has been identi- 
fied as N-acetylneuraminic acid in which the hexosamine moiety 
is mannosamine (27). The presence of small amounts of other 
sialic acids, such as the N-glycolyl or N ,O-diacetyl derivatives, 
however, must still be considered a possibility. In this regard, 
it has been recently reported that x-ray diffraction patterns of 
mixtures of sialic acids are difficult to interpret (31). 

The sialic acid was distributed in several egg-white constit- 
uents or fractions with very different physical and biochemical 
characteristics. These included the ovomucin, several ovo- 
mucoids, flavoprotein, and unidentified constituents. The 
separations of ovomucoid into several fractions differing in their 
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contents of sialic acid (9) are in agreement with the recognized 
heterogeneity of ovomucoid as determined electrophoretically 
(7). The refractionation experiments with radioactive prepara- 
tions of ovomucoid gave additional support to the existence of 
several ovomucoids differing in their contents of sialic acid. 
Finally, sialic acid has been found in ovomucoid prepared by 
different methods (8, 9) and in the ovomucoids of several other 
avian species. Nevertheless, further studies are still necessary 
on both the ovomucoid fractions and the flavoprotein in order 
to characterize properly the different fractions containing sialic 
acid. The presence of sialic acid in at least several unidentified 
small fractions makes such a characterization particularly neces- 
sary. These unidentified constituents might be more easily 
studied in egg whites of other avian species high in sialic acid, 
such as the egg white of the emu which contains nearly 4% sialic 
acid (23). 

The disintegration of isolated yolk membranes on incubation 
in alkaline buffer appeared to parallel physical changes occurring 
during incubation of intact infertile eggs. The results of this 
study have not indicated an important role of either sialic acid 
or the enzyme neuraminidase in this physical change even 
though the membranes contain greater than 2% sialic acid. 
However, since only half of the sialic acid of the membranes was 
liberated by neuraminidase, sialic acid has not been excluded 
from a possible role in the physical properties of yolk membranes, 
such as in the formation of a complex between ovomucin and 
lysozyme (13). 

SUMMARY 


Sialic acid has been isolated and crystallized from chicken egg 
white and the principal component appears to be identical with 
the sialic acid from Escherichia coli, which is N-acetylneuraminic 
acid. All of the sialic acid in egg white appears to occur bound 
to proteins. The ovomucin and ovomucoid fractions contained 
approximately three-fourths of the total sialic acid in the egg 
white. The remainder was found in the flavoprotein and the 
unidentified constituents. 

The structural components, chalazae and yolk membranes, 
contained approximately 10 times the concentration of sialic 
acid found in whole egg white, but no evidence was obtained for 


a major role of sialic acid in the maintenance of the physical 
structure. 
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Adrenocorticotropins (ACTH) 


XX. SUCCINYL-ADRENOCORTICOTROPIN AND ITS HYDROLYSIS BY TRYPSIN* 
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Previous investigations (1) provided evidence that esterifica- 
tion of carboxyl groups with methanol results in a decrease of 
the adrenal-stimulating activity of adrenocorticotropins (ACTH) 
without alteration of the melanocyte-stimulating activity of the 
hormone. In this communication, we wish to report on the 
effect of blockage of amino groups by succinylation on the bio- 
logical activity of the peptide hormone. Studies on tryptic 
digests of succinyl-adrenocorticotropins were also earried out, 
revealing that the only peptide bonds cleaved by the enzyme 
were those containing arginine, in accordance with the enzymic 
specificity of trypsin. 


EXPERIMENTAL PROCEDURE 


Bovine adrenocorticotropin,'' the amino-acid sequences of 
which have recently been elucidated (2), was isolated by the 
method previously described (3). The adrenal-stimulating ac- 
tivity of the hormone was estimated by increment of weight in 
hypophysectomized rats (4) and its intrinsic melanocyte-stimu- 
lating potency was determined both in vitro by the frog skin 
method (5) and in vivo in hypophysectomized Rana pipiens (6). 

a,-ACTH was allowed to react with succinic anhydride in 0.1 
m K,HPO, at pH 9.0 for 3 hours at a temperature of 25°. To the 
hormone solution (10 mg per ml) was added 60 mg of succinic 
anhydride; the mixture was stirred occasionally and the pH was 
maintained by the gradual addition of 1 m NaOH. After the 
reaction was completed, the solution was dialyzed thoroughly at 
4° against 0.005 m NH,OH, and lyophilized. 

Zone electrophoresis on starch was performed according to the 
published procedure (7) in pyridine-acetic acid buffers of pH 
4.9. The extent of reaction of the amino groups with succinic 
anhydride was determined by dinitrophenylation (8) by means 
of the method of Levy (9). The concentration of the free 
phenolic hydroxyl groups of tyrosine in the hormone peptide 
was estimated spectrophotometrically (10, 11) by measurement 
of the optical density of the solution in the Beckman Model DU 
spectrophotometer. Hydrolysis of both untreated and suc- 
cinylated a,-ACTH (10 mg each) with trypsin (Armour, lot No. 
181) was carried out at 25° in the Jacobsen-Léonis autotitrator 
(12) for 12 hours in 0.05 m KCl; the enzyme-substrate ratio was 
1:100 (weight for weight) and the pH was maintained at 9.5 by 
titration with 0.0985 m NaOH. The whole digest was frozen 
and dried in a vacuum. Separation of peptide fragments ob- 


* This work was supported in part by a grant from the National 
Institutes of Health of the United States Public Health Service 
(G 2907). See (1) for paper XIX of this series. 

1 The abbreviations used are: a,-ACTH, bovine adrenocortico- 
tropin; DNP, dinitrophenyl. 


tained after tryptic digestion was achieved by zone electrophoresis 
on paper (Whatman No. 3 MM filter paper) performed in a 
Spinco apparatus (13) at 500 volts for 6 hours in 0.03 m acetic 
acid at 4°; peptides were located on the paper by their colori- 
metric reactions with ninhydrin and the Pauly and Sakaguchi 
reagents (14). Peptide fragments were eluted from the paper 
with 3% aqueous ammonia and subjected to amino-acid analysis 
by the method of Levy (9); the NH:-terminal residue was identi- 
fied by means of the phenylthiocarbamy] procedure (15, 16). 


RESULTS 


In a buffer solution of pH 4.9, succinyl-ACTH migrated as an 
anion, in contrast with the untreated hormone, which is a cation 
at this pH (Fig. 1). As may be seen from the figure, there are no 
indications of the presence of any nonsuccinylated hormone and, 
indeed, the succinyl-ACTH behaved as a homogeneous peptide, 
The reaction of succinyl-ACTH with fluorodinitrobenzene indi- 
cated that both the a- and ¢€-amino groups are blocked. In 
three separate experiments, dinitrophenylation of succinyl- 
ACTH gave rise to no DPN-serine nor e-DNP-lysine, indicating 
that the free amino groups had been completely succinylated. 
When a solution of succinyl-ACTH (pH 9.0) was examined 
spectrophotometrically, at wave lengths from 240 to 310 mg, 
the point of maximal absorption was located at 278 mu. More- 
over, the absorption curve exhibited by the succinylated hor- 
mone was identical with the curve obtained under the same 
conditions for the unaltered hormone, thus indicating that the 
tyrosine residues in the hormone peptide (2) had not been 
blocked by the succinylation. 

Assay data, summarized in Table I, indicate that succinylation 
resulted in a considerable reduction of both melanocyte-stimu- 
lating and adrenocorticotropic activities. When tested in hy- 
pophysectomized frogs, a single dose of 5 ug of succinyl-ACTH 
caused an increase in the melanophore-index from 1+ to 2+ 
within one hour whereas only 0.1 wg of the untreated hormone 
was required to elicit a like increase. 

The rate of hydrolysis of peptide bonds in succinyl-ACTH by 
trypsin as recorded in the autotitrator (12) was clearly different 
from that in the native hormone (Fig. 2). From the alkali up- 
take during digestion, it was evident that the number of peptide 
bonds in the succinyl-ACTH cleaved by the enzyme was ap- 
proximately one-half the number cleaved in the nonsuccinylated 
hormone. This was further evidenced by the number of peptide 
fragments which separated in paper electrophoresis after tryptic 
digestion (Fig. 3); fewer peptide fragments were obtained from 
the tryptic digest of the succinylated hormone than from the 
digest of the native hormone. 
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TaBLeE I 


Effect of succinylation on melanocyte-stimulating (MSH) and 
adrenocorticotropic activities of o,-ACTH 











ab-ACTH 
Activity 
Untreated Succinylated 

MSH 

No. Of ‘aatayO™. 506 10 3 

Unite por 'gms)..i0!63 ose. 3.2 X 10? 2.9 X 105 
ACTH 

Be le NE ais cise cose: ours 27 14 

RArenE, TE... ..6:0065:0 58 34.7 + 0.9f 14.1 + 0.7 

iy re r 66 + 8 233 + 10 











* Each assay was performed on 4 to 6 pieces of frog skin. 

+ Operated on at 40 days of age; intraperitoneal injections (25 
ug in 0.1 ml) begun 4 days later, were administered once daily for 
4 days, and autopsy was performed 24 hours after the last injec- 
tion. The hormone was suspended in beeswax-peanut oil. 

t Mean + standard error. 
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Fig. 1. Zone electrophoresis on starch of succinyl-a2,-ACTH 
and ap-ACTH; 40 cm trough, 0.1 m pyridine-acetic acid buffer of 





Fic. 3. Fractionation of tryptic digests of succinyl-a,-ACTH 
(A) and a,-ACTH (B) by zone electrophoresis on paper, in 0.03 m 
acetic acid; 11 volts per cm for 6 hours. 


When the three peptides separated by paper electrophoresis as 
shown in Fig. 3 were tested colorimetrically (14), it was found 
that peptide s-Tr-1 gave a positive reaction to ninhydrin and the 
Sakaguchi and Pauly reagents, peptide s-Tr-2 gave reactions 
that were positive to ninhydrin and the Ehrlich and Sakaguchi 
reagents but negative to the Pauly reagent, and peptide s-Tr-3 
gave reactions positive to the Sakaguchi and Pauly reagents but 
negative to ninhydrin. These color tests indicated that peptide 
s-Tr-3 possesses no free amino groups, and that peptide s-Tr-2 
contains neither histidine nor tyrosine, but that it must contain 
tryptophan. In addition, because of their positive reactions to 
the Sakaguchi reagent, it was evident that all three peptides must 
contain arginine. These tentative conclusions were confirmed 
by the amino acid composition (expressed in molar ratios) of the 
peptides. 

Peptide s-Tr-1: Argi.1; Pros.1Vale.o, Lysi.0, Tyro.s 
-Asp2.oGlus.3, Glyo.s, Alas.:Ser:.2Phe2.oLeu:.o 
Peptide s-Tr-2: Gly2.2, Lyse.¢, Pro1.o, Vali.o, Arg1.0 


(Try not determined) 
Peptide s-Tr-3: Seri.9, Tyro.2, Meto.7,Glui.1, 


»His1.0,Phe:.0, Arg:.o 


Since it is known that the succinyl groups in acylated amino 
acids are liberated during acid hydrolysis of the peptide for 
amino acid analysis, and since the NH,-terminal serine as well 
as the lysine residues of ACTH are blocked by succinylation, it 
was assumed that one of the serine residues in peptide s-Tr-3, 
which according to its amino acid composition comes from the 
NH.-terminal portion of the molecule, the one lysine residue in 
peptide s-Tr-1, and the three lysine residues in peptide s-Tr-2, 
were in succinylated form before acid hydrolysis. Moreover, 
colorimetric tests (14) indicated the presence of tryptophan in 
peptide s-Tr-2, although quantitative determination of this 
amino acid was not carried out. 

NH,-terminal amino acid analysis by the Edman procedure 
(15) revealed arginine at the NH--terminus of peptide s-Tr-1 
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and tryptophan at the NH:.-terminus of peptide s-Tr-2. No 
NH.-terminal amino acid could be detected in peptide s-Tr-3 by 
either the fluorodinitrobenzene (8, 9) or phenylisothiocyanate 
(15, 16) methods. 


DISCUSSION 


From the known structure of a,-ACTH (2), from the amino 
acid composition (3), and from the data obtained from NH-- 
terminal residue analysis of peptide fragments obtained from 
tryptic digestion of succinyl-a,-ACTH seen in the light of the 
known enzymic specificity of trypsin, it may be proposed that 
the site (indicated by 1) of tryptic attack on the succinyl-a,- 
ACTH is as follows (succinyl group designated as suc.): 


suc 


Adrenocorticotropins (ACTH). 


suc suc suc 


XX Vol. 235, No. 9 
present investigation, have shown that succinylated products 
are completely soluble in aqueous solution of a pH above 5 and 
that practically all amino groups are acylated by succinic ap. 
hydride under the conditions described in this paper. The fact 
that succinic anhydride reacts specifically and exhaustively with 
the free amino groups of proteins has also been reported by other 
investigators (21). 

It is not surprising that the adrenocorticotropic potency of 
ACTH is decreased by succinylation of amino groups, since it 
has already been shown that reaction of the hormone with 
periodate (22, 23), acetic anhydride (24) and amino-peptidase 
(25) causes a lowering of the hormonal activity. What is un- 
expected is the decrease of the intrinsic melanocyte-stimulating 
suc 


ee Bee 
dere yr—Phe)Arg-Try-(Gly-Lis—Lys-Lys)-Arg-Arg( Pro-Val-Lys—Phe) 


oe Ging 
s-Tr-3 T 


10 11 


The same lack of susceptibility to the action of trypsin of the 
bond Arg. Pro, in positions 18 and 19, that was previously ob- 
served for unaltered adrenocorticotropin preparations (17) was 
also found to hold true in the case of the modified hormone. In 
addition, the peptide bonds involving a succinyl-lysine residue 
in succinyl-a,-ACTH are completely resistant to tryptic hy- 
drolysis. This is in contrast with the effect of trypsin on the 
unaltered hormone, in which those peptide bonds containing 
lysine in positions 15 and 16, 16 and 17, and 21 and 22 were all 
cleaved by the action of the enzyme (2, 17). 

That tryptic digestion of succinyl-adrenocorticotropin pro- 
duced only three peptide fragments instead of the six major 
components which result from digestion of the native hormone 
(17) offers a great advantage in the purification of the hydrolytic 
products and hence in the elucidation of protein structure. It 
has already been emphasized by others (18) how important it 
would be for investigations on the structure of proteins to find a 
suitable agent to mask the e-amino groups of lysine, so that the 
peptide bonds in which this amino acid is involved might be 
made resistant to the action of trypsin and only those bonds 
containing arginine be cleaved. For such an approach, the use 
of fluorodinitrobenzene and carbobenzoxychloride as agents to 
block €-amino groups has been proposed (19, 20). However, it 
is known that dinitrophenyl and carbobenzoxyl derivatives of 
proteins or peptides are not usually soluble in aqueous solutions 
and, consequently, their usefulness for structural studies is 
limited. Results of preliminary experiments with glucagon, 
prolactin, lysozyme and ribonuclease,? as well as those of the 


2? When succinyl derivatives of these proteins were allowed to 
react with fluorodinitrobenzene, it was revealed that complete 
acylation of the amino groups had occurred and that the succinyl- 
ated products behaved as more acidic proteins in electrophoresis 
than did the parent molecules. Moreover, studies on the tryptic 
hydrolysis of succinyl-prolactin and succinyl-glucagon disclosed 
that succinylation of the lysine residue rendered the adjacent bond 
completely resistant to the enzymic attack. Biological assays 
showed that succinyl-glucagon (injected intravenously in the cat) 
and succinyl-prolactin (assayed for its luteotropic effect in the 
rat) retained some of their original hormonal potency whereas 
ribonuclease underwent a considerable loss of activity after suc- 
cinylation. Although succinyl-lysozyme was still partially ac- 
tive, the enzymic behavior of the derivative, with respect to rate 
of lysis, had been altered according to the results of assay with the 
Difco lysozyme substrate. Detailed accounts of these investiga- 
tions will be reported elsewhere. 


s-Tr-2 


~~ He # 21 39 
r s-Tr-1l 


potency after succinylation. If the assumption is correct that 
the heptapeptide sequence, Met.Glu.His.Phe.Arg.Try.Gly, 
which occurs in all adrenocorticotropins and melanotropins, is 
responsible for the melanocyte-stimulating activity of ACTH 
(26, 27), then the reaction of succinic anhydride with ACTH 
should not cause any alteration of melanotropic potency. Since 
there was alteration of this biological activity after succinylation, 
this implies that the succinylation of the lysine residue next to 
COOH-terminal glycine in the heptapeptide core or of the NH; 
terminal serine of the hormone peptide exerts an inhibiting in- 
fluence on the melanocyte-stimulating potency of adrenocortico- 
tropins. 


SUMMARY 


The reaction of bovine adrenocorticotropin with succinic an- 
hydride has been investigated. Succinylation occurred only 
with free amino groups; both the a-amino group of the NH, 
terminal serine and the e-amino groups of the lysine residues were 
completely acylated. The adrenocorticotropic and melanocyte- 
stimulating activities of the succinylated adrenocorticotropin 
were greatly reduced. 

Structural investigations of succinyl-adrenocorticotropin 
showed that no peptide bonds involving a succinyl-e-lysine residue 
were cleaved by trypsin and that only three peptide fragments 
were obtained from the tryptic digestion of the succinylated 
product. The usefulness of modification by succinylation for 
studies of protein structure was discussed. 
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Although many physicochemical studies of skeletal myosin 
have been reported (1-4), comparatively few comparable studies 
have been made of cardiac myosin (5-7). The assumption that 
the myosins derived from skeletal, smooth, and cardiac muscle 
are identical (8) is not based upon any single rigorous compara- 
tive study. 

This laboratory is presently devoted to a systematic study of 
myocardial metabolism in dogs and man under various condi- 
tions of health and disease (9). The present communication is 
devoted to the physicochemical characterization of myosin iso- 
lated from the hearts of normal dogs. Preliminary reports of 
this work have been published elsewhere (10, 11). 


EXPERIMENTAL PROCEDURE 


Isolation of Myosin—Healthy, normal dogs were anesthetized 
with Nembutal (25 mg per kg) and a thoracotomy was performed. 
Respiration was maintained by intermittent oxygen under posi- 
tive pressure. Only those animals with normal cardiac function 
as ascertained by normal heart size, normal sinus rhythm, normal 
electrocardiogram, and normal arterial and venous pressures 
were used in this study. After opening the pericardium, each 
heart was excised by rapid transection of the great vessels, and 
dropped into iced deionized water. Since ventricular fibrillation 
was found to reduce the yield of myosin considerably, the con- 
tinuation of a regular ectopic ventricular beat for a few seconds 
in the ice water after excision of the heart was adopted as an 
additional criterion of normality. 

In this, as in all succeeding steps, deionized water with a 
conductivity not higher than about 1.25 x 10-* mhos per cm 
was employed. The hands of the experimenter were gloved. 
Fat and connective tissues were removed while the heart was 
cooling in the deionized water, and myosin was extracted ac- 
cording to the procedure of Szent-Gyérgyi with some modifica- 
tions (2). For most of the experiments described, 90 + 10 g of 
trimmed heart muscle were available. The heart tissue was 
pressed with crushed ice through a cold meat grinder with holes 
of 2 mm diameter. To the cold mince were added 300 ml of a 
cold phosphate-KCl buffer (0.3 ionic strength, pH 6.8, phosphate 
buffer in 0.3 ionic strength KCl, adjusted to pH 6.8) and the 
mixture was stirred at 2° for 20 minutes. During this time 10 
ml of a 1% solution of the dipotassium salt of adenosine triphos- 


* Supported in part by grants-in-aid from The National Heart 
Institute (H-1422), National Institutes of Health, United States 
Public Health Service, American Heart Association, New York, 
and the Lasdon Foundation, New York. 

t Died May 29, 1960. 

t United States Public Health Service Postdoctorate Research 
Fellow, 1954 to 1956. Present Address, E. R. Squibb and Sons, 
New Brunswick, New Jersey. 


phate (K:ATP) adjusted to pH 6.8 were added. After stirring, 
the mixture was pressed through cheesecloth, diluted with 1200 
ml of cold water, and filtered with slight suction through a 
Buchner funnel covered with a layer of shredded filter paper 
pulp between two sheets of filter paper. The filtered solution 
was diluted with 3000 ml of water while being stirred, whereupon 
the myosin precipitated out. It was allowed to settle at 0° for 
at least 3 hours. The clear supernatant fluid was removed by 
decantation and the precipitate collected by centrifugation. To 
each centrifuge tube containing the wet myosin precipitate an 
equal volume of 2.0 m potassium chloride adjusted to pH 68 
was added and the myosin solutions were combined. The pre- 
cipitation procedure was repeated and the wet myosin was dis- 
solved in an equal volume of 1.0 m potassium chloride (pH 6.8). 
Three milliliters of a solution of 1% K:-ATP were then added, 
and an aliquot was analyzed for homogeneity in the analytical 
ultracentrifuge. This material is usually called “crystalline” 
myosin and produced ultracentrifuge patterns as shown in Fig. la. 

The remainder of the myosin solution was then subjected to 
preparative ultracentrifugation at 0° in the analytical ultra- 
centrifuge at 39,900 r.p.m. for 2.5 hours. After preparative 
ultracentrifugation, the top 8 ml of the 11 ml of solution in each 
tube were pooled, diluted with 25 volumes of deionized water, 
and the precipitated myosin was collected as before. A volume 
of 1.2 m potassium chloride, adjusted to pH 6.8, equal to the 
volume of the packed precipitate was then added to each tube. 
The redissolved myosin solutions were pooled, 1 ml of 0.3 ionic 
strength phosphate buffer (pH 6.8) was added, and another 
sample was analyzed in the analytical ultracentrifuge. Often, 
the preparation at this stage was found to be homogeneous in 
the ultracentrifuge (Fig. 1d) but if a slight leading edge was ob- 
served (Fig. 1b, c), the preparative step was repeated. As soon 
as an ultracentrifugally homogeneous preparation of myosin was 
obtained, it was dialyzed through cellophane for 3 days against 
6 changes of 20 volumes of 0.6 ionic strength potassium chloride 
adjusted to pH 6.8. For light scattering measurements, dialysis 
was carried out at pH 7.2 (12) and for electrophoresis it was 
carried out in 0.1 ionic strength veronal buffer in 0.2 ionic strength 
potassium chloride at pH 8.3. Only exhaustively dialyzed solu- 
tions were accepted for physicochemical studies. The yields 
of pure myosin were rather low, averaging around 300 mg/100g 
of heart, since purity rather than high yield was the objective. 

For comparative purposes, a few preparations of rabbit skeletal 
myosin were made by these same methods. Skeletal muscle was 
obtained by excision of whole resting muscle from the anesthe- 
tized animal. The skeletal myosin obtained in this manner also 
gave rise to ultracentrifuge patterns indicative of a homogene- 
ous substance. 
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Che concentration of myosin in the dialyzed solution was ob- 
tained by drying approximately 2 g of solution at 80° until all 
solvent was removed, followed by drying in a vacuum at the 
same temperature to constant weight. With the dialysates as 
controls, protein concentrations were obtained by difference. 
Dilutions were made by weighing chosen quantities of stock 
solution and adding the desired weight of dialysate. For each 
preparation, measurements of the ultraviolet absorption were 
also carried out. For cardiac myosin, \max in water is 279 mu 
and E}%,, = 6.28 + .30 at this wave length. 

Partial Specific Volumes—Partial specific volumes were deter- 
mined by measuring the density of a series of myosin solutions 
at 1.0° in pycnometers with a volume of about 4.5cc. Weighings 
were carried out to five decimal places, with an error of +0.00003 
mg, making the partial specific volume accurate to +0.002. 

Sedimentation Velocity Studies—Measurements of sedimenta- 
tion constants were carried out in a Spinco model E analytical 
ultracentrifuge. Solutions above 0.2% protein were analyzed 
in the conventional manner from schlieren patterns. More 
dilute solutions were analyzed by means of ultraviolet absorption 
measurements, employing the Spinco Analytrol for plotting the 
densities of the absorption bands. A few experiments on identi- 
cal solutions were carried out in order to determine the effect of 
the centrifugal field upon sedimentation constant and boundary 
spreading. Since no dependence upon speed was found, all runs 
were made at the same speed (56,100 r.p.m.). Sedimentation 
runs were carried out at first near 24° and later near 4°. In 
general, homogeneous solutions of myosin gave identical sedi- 
mentation constants (820,.) independent of temperature and 
speed. 

Sedimentation-Equilibrium  Studies—Sedimentation-equilib- 
rium studies were also carried out in a Spinco model E analytical 
ultracentrifuge. Dilute myosin solutions (0.2 and 0.1%) were 
spun in a double sector cell at 2,994 r.p.m. until equilibrium was 
obtained, usually for 7 days. Buffer was placed into one sector 
(0.35 ml) and myosin (0.2 ml) was layered onto Dow-Corning 
fluid 703 (0.1 ml) in the other sector. By means of the constant 
temperature device, it was possible to control the temperature 
throughout these runs to better than 0.05° at a temperature of 
2.5°. The more concentrated solutions were studied by means 
of the schlieren and ultraviolet absorption methods, and the more 
dilute ones by means of the Rayleigh interference and ultraviolet 
absorption methods. Total concentrations in the ultracentrifuge 
were determined for each method by carrying out runs in the 
double sector synthetic boundary cell. Molecular weights were 
calculated at equilibrium across the cell, as well as during the 
approach to equilibrium at the meniscus and bottom. Approach 
to equilibrium studies were carried out at a higher speed (3,194 
r.p.m.). 

Diffusion Measurements—Diffusion constants were estimated 
both from the boundary spreading observed in the ultracentrifuge 
and from free diffusion in the Spinco model H Tiselius electro- 
phoresis apparatus.! For a homogeneous system, these values 
should be identical and this was borne out in those preparations 
in which both types of measurement were made. Three different 
solutions were run simultaneously at 0.9° for 5 days each. Dif- 
fusion constants were calculated from schlieren patterns and 
from Rayleigh fringes, employing the method of second moments. 


| We are indebted to Dr. M. A. Lauffer for a single determina- 
tion and to Dr. William R. Merchant for making available to us 


his electrophoresis instrument for a number of other measure- 
ments. 
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Fig. 1. Sedimentation patterns of various normal dog heart 
myosin preparations. Speed 56,100 r.p.m., 4-9°, 0.6 m KCl, ad- 
justed to pH 6.8, 16-minute intervals from left to right. (a) 
“‘erystalline’’ myosin; (6) ‘crystalline’ myosin after first pre- 
parative ultracentrifugation—note fast component (actomyosin) ; 
(c) same after second ultracentrifugation—note lesser amount of 
fast component; (d) same after third preparative ultracentrifuga- 
tion—note absence of fast component; (e) pooled bottom frac- 
tions from preparative ultracentrifugations after treatment with 
ATP to decompose actomyosin, followed by dilution with water— 
note small amount of fast component and good recovery of myo- 
sin; (f) pure myosin, 2 mg per ml; (g) same as (f) but diluted to 
1 mg per ml—taken at the same angle to illustrate increased 
boundary spreading. 
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Fig. 2. Sedimentation constants of normal dog heart myosin 
as a function of concentration. 56,100 r.p.m., T = 4-7°, 06 m 
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Fia. 3. Diffusion and boundary spreading constants of normal 
dog heart myosin as a function of concentration. 0.9°, 0.6 m 
KCl, pH 6.8. 


In the most dilute solutions, only 3 Rayleigh fringes were avail- 
able for computation, and it is felt that the value for the most 
dilute solution might be in error by as much as 10%. This 
procedure allowed measurements on solutions of six different 
concentrations within 2 weeks after the isolation of myosin. 

Limiting Viscosity Number*—The limiting viscosity number 
was determined on all solutions on which partial specific volumes 
were obtained. An Ostwald viscometer with a water time of 
about 180 seconds was mounted kinematically in an unsilvered 
Dewar flask. The temperature inside the Dewar flask was 
regulated by keeping ice in equilibrium with cold water, and the 
Dewar flask itself was placed into a 15-gallon cold bath at 1.0° 
in a walk-in cold room kept at 2°. Triplicate determinations 
were obtained with a maximal deviation of +0.3 second. 

Light Scattering M easurements—Light scattering measurements 
were carried out in a Brice-Phoenix light scattering photometer 
equipped with a Brown recorder as detector and calibrated by 
the manufacturer. The wave length chosen was the mercury 


2 Recommended nomenclature by International Union of 
Chemistry, J. Polymer Sci., 8, 257 (1952). This is identical with 
‘intrinsic viscosity,’’ a term still widely used. 
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blue line (436 my). The refractive index increment was dete’- 
mined at the same wave length in a Brice-Phoenix interference 
refractometer at 20° and was found to be 0.206 on a weight fra - 
tion basis. With the recommendations of Rupp (12), measure- 
ments were carried out at temperatures of less than 15°. Three 
methods of clarification were employed: pressure filtration (under 
nitrogen) through ultrafine sintered glass filters, pressure filtra- 
tion through fine sintered glass filters, and centrifugation at 3° 
in the analytical ultracentrifuge in a swinging bucket rotor at 
39,900 r.p.m. for 30 minutes. Since no significant difference 
was observed among these three methods in the scattering of the 
solvent, the last method of clarification was adopted. At first 
measurements were carried out from 45° to 135° at 15° intervals 
in cylindrical cells with 11 ml of solution, but since the Zimm 
(13) plots went through a maximum at 90°, succeeding measure- 
ments were carried out in a semioctagonal cell at 0°, 45°, 90°, and 
135° only. The cells were first thoroughly cleansed with deter- 
gent, rinsed several times with deionized water, and were then 
coated inside and outside with “Desicote.” Before each meas- 
urement, the coated cells were rinsed with detergent, thoroughly 
rinsed with deionized water and solvent, followed by a rinse with 
clarified solvent. The clarified protein solution was then placed 
into the cells and the cells were covered with a glass lid. At 
each angle, a minimum of five readings were made and protein 
concentrations were determined on the solutions afterwards. 
The scattering due to the solvent never exceeded 15% of the 
scattering of the most dilute protein solution. 

Electrophoresis—Electrophoretic studies were carried out in 
the Spinco model H electrophoresis-diffusion apparatus. Meas- 
urements were made at 4 milliamperes and 49 volts in the micro- 
electrophoresis cell, and mobilities were determined from the 
schlieren as well as from the Rayleigh fringe patterns. Under 
these conditions, no evidence of heterogeneity was observed. 

ATPase Activity—The ATPase activity was determined at 25° 
on samples dialyzing against veronal buffer (pH 8.6) or glycine 
buffer (pH 9.2) in order to remove all phosphate ions. The 
method of Gergely (14) was employed, as well as a modification 
of his procedure, with veronal buffer at pH 8.6. Time studies 
confirmed that the initial rate was linear for the first 5 minutes. 
ATPase activity is expressed as Q,, i.e. ul of phosphorus liberated 
per mg of myosin per hour. 


RESULTS 


The results of the physicochemical studies outlined above are 
shown in Figs. 2, 3, 4, 5, and 6 and are summarized in Table I. 

The points in Fig. 2 show the dependence of the sedimentation 
constant of normal canine cardiac myosin on protein concentra- 


Dissymmetry (Ras/Riss = Z) 
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Fig. 4. Light scattering and dissymmetry measurements on 
normal dog heart myosin as a function of concentration. 12-15°, 
0.6 m KCl, pH 7.2. 
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Fic. 5. Viscosity measurements [(1/c) In (n/70)] on normal dog 
myosin as a function of concentration, 1°, 0.6 m KCl, pH 6.8. 


tion for 8 normal animals. The concentration dependence is 
linear, and the solid line was computed for all points by the 
method of least squares. At zero protein concentration, the 
mean sedimentation constant, 8°o9,. for all animals was.6.12 S. 
The slopes of the sedimentation plots for each individual dog 
closely paralleled one another. The 8%, value for the indi- 
vidual dogs ranged from 5.60 to 6.69 with a mean of 6.16 + 0.13 
(s.e.) and the slopes (—ds/dc) ranged from 2.2 to 3.6 with a 
mean of 3.10 + 0.16 (s.e.). 

The results of free diffusion and boundary spreading measure- 
ments are shown in Fig. 3. The concentration dependence is 
striking and nonlinear. The boundary spreading coefficients, 
calculated from velocity sedimentation experiments and cor- 
rected for the concentration dependence of the sedimentation 
constant (15), agree well with the values obtained from the free 
diffusion studies. Had the correction for the concentration 
dependence of s been omitted, the boundary spreading coef- 
ficients would have been lower than the free diffusion coefficients 
by approximately 20%. Had the solutions not contained a 
homogeneous protein, furthermore, it would not have been 
possible to compute boundary spreading coefficients from sedi- 
mentation velocity experiments, since they would not have been 
independent of the time of sedimentation. Upon extrapolation 
of the best line to zero protein concentration (Fig. 3) the value 
for the diffusion coefficient was found to be 2.46 x 10-7 cm?/sec. 

The partial specific volume of cardiac myosin was found to be 
0.731. As shown in Table I, the molecular weight of cardiac 
myosin calculated from 8%s9,, D®so,~, and was 226,000. Control 
preparations of skeletal myosin from rabbit psoas muscle had the 
following constants: $9, = 6.10, Ds. = 1.05 « 10-7 cm?/sec 
(from boundary spreading); 6 = 0.740. Calculation of the 
molecular weight of skeletal myosin from these data gave a 
value of 540,000 in reasonably good agreement with values re- 
ported from other laboratories (16-19). 

The molecular weight of cardiac myosin obtained from velocity 
sedimentation and diffusion measurements was next checked by 
the independent method of equilibrium sedimentation. The 
results obtained in four sets of experiments are listed in Table 
II. The homogeneity of our preparation was evidenced by the 
fact that essentially identical values (within 2%) were obtained. 


3 s.e. = standard error. 
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Fic 6. Viscosity measurements [(1/c) In (»/)] on normal 
rabbit skeletal myosin, 1°, 0.6 m KCl, pH 6.8. 
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Characterization of normal dog heart myosin 





8° 20.0 6.168 

ds/dc (g/100 ml) —3.10 

D° 20. 2.46 X 10-7 cm*/sec 
D 0.731 

{n] 50 c.g.s. units 

M (from s,D) 226 ,000 

t/fo (from M,s) 2.15 

f/fo (from M,D) 2.14 

t/fo (from s,D) 2.14 


a/b (from above) 24 
M (equilibrium sedimentation) 222,000 + 4,000 


8 (from M,s,5) 2.77 X 108 

a/b (from above) 29 

6 (from D) 2.71 X 108 

a/b (from above) 27 

M (from light scattering) 270,000 

length 690 A 

width 2A 

ATPase activity 350/ul P/mg/hr 


mobility (pH 8.3, '/2 = 0.1 Ver- 


—2.11 cm?/volt/sec 
onal + 0.2 KCl) 








The molecular weights were independent of the nature of the 
experiment (approach or true equilibrium), were independent 
of the position in the cell at which calculations were carried out 
(top, bottom, across the cell), and were independent of concen- 
tration and method of optical analysis. The mean value of 
222,000 obtained by this method is in good agreement with the 
value calculated from 8°29, 0, D°so,. and # as shown in Fig. 1. 

The estimates of molecular weight of dog heart myosin from 
light scattering measurement are also in reasonable agreement 
with the above data. In Fig. 4 are plotted the turbidities (un- 
corrected for dissymmetry) at 90° against protein concentration, 
as well as the dissymmetry ratios Ry/Riss, at 45° and 135°, 
respectively. Applying the correction factors tabulated by Doty 
and Steiner (20), the extrapolated molecular weight of cardiac 
myosin was found to be 270,000 and the dissymmetry at zero 
protein concentration 1.312. The resulting variation in molecu- 
lar weight from a choice of molecular model is shown in Table 
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TaBLeE II gave 
Sedimentation equilibrium studies from ¢ 
Experiment No. Concentration Speed Type of experiment Method of optical analysis Molecular weight respec 
were § 
% 1.p.m. meast 
I 0.2 3,189 Approach to equilibrium | Schlieren Top: 213,300 whole 
Bottom: 217,100 The 
II 0.2 3,189 Approach to equilibrium | Schlieren Top: 223,400 ions 
Bottom: 220,400 comp 
III 0.1 2,994 At equilibrium Rayleigh interference 230, 500 1 
2,994 At equilibrium U.V.* absorption 222,800 gaa 
2,994 At equilibrium U.V. absorption 227 , 600 shoul 
IV 0.2 2,994 At equilibrium Schlieren 222,300 — 
2,994 At equilibrium U.V. absorption 218,800 tions 
2,994 At equilibrium U.V. absorption 226 , 500 In ou 
Average: 222,300 + 3,900 sin, al 
of lib 
*U.V. = ultraviolet ultrac 
were | 
TaBie III centration from 0 to 0.4% as evidence of the internal consistency tions 
Choices of size and shape from light scattering measurements* of the data obtained by two methods. These data taken from we h 
the solid lines in Figs. 3 and 4 are presented in Table IV. The cardis 
va tetehe ~ actual mean ratio of molecular weights estimated by the two physi 
i methods will be obtained by dividing (D/s) /(Hc/r) by the quan- Th 
“arene pte Seaeney Se A tity RT/(1 — dp) which has a value of 9.03 x 10! at 20°. When is : : 
Rod 272,000 Length 965A : F PI 
Coil 279 ,000 Length 674A the average values for the ratios (D/s)/(He/r) in the last two skelet 
columns of Table IV are divided by this number the mean ratio analy 
* The above values were computed by combining the valuesfor of molecular weights over the range of concentrations studied is myos 
He/r and for the dissymmetry at zero protein concentration. 1.04 for the coiled model and 1.08 for the rod. This agreement relate 
Ri is regarded as remarkable, particularly since these parameters in thi 
TaBLe IV are strictly proportional to the reciprocal of the molecular weight that t 
Internal consistency of estimates of molecular weight from only at infinite dilution. may 
sedimentation and diffusion constants and light scattering The changes in relative viscosity of cardiac myosin solutions weigl 
measurements at different concentrations as a function of concentration also suggest disaggregation of the trypt 
protein in very dilute solutions, as shown in Fig. 5. At zero skelet 
(He/r) X 10° | ((D/s)/(He/r)] X ‘ ‘ Wi) ae : ; 1 
Concentra-| (D/s) x | (He/r) x f corrected for 10"? for protein solution the limiting viscosity number extrapolated from (28). 
tion 10°¢ 108 measurements on nine preparations was 50 c.g.s. units. Previous myos 
coil | rod | coil rod studies of the concentration-dependence of the viscosity of cardiac | tivity 
¢/100 mi myosin were done with impure preparations at higher concentra- feren: 
0 0.400 4.50 | 1.312 | 3.68 | 3.64 | 0.109 | 0.119 tions (21) and the sharp downward reflection of the curve at 1 betwe 
0.05 0.320 | 3.95 | 1.431 | 3.02 | 2.97! 0.106 | 0.108 | ™mg per ml was apparently missed. Study of three preparations As 
0.10 0.250 3.50 | 1.521 | 2.55 | 2.49 | 0.098 | 0.100 of myosin from rabbit psoas muscle studied over the same con- previ 
0.15 0.185 3.20 | 1.621 | 2.19 | 2.14 | 0.085 | 0.087 _— centration range gave a zero intercept of 266 c.g.s. units in agree- subst 
0.20 0.155 | 2.90 | 1.685 | 1.92 | 1.86 | 0.081 | 0.084 ment with other observers, as shown in Fig. 6 (22). tiona 
0.30 | 0.132 | 2.50 | 1.847 | 1.51 | 1.45 | 0.088 | 0.091 Measurements of ATPase activity of purified cardiac myosin |  taine 
0.40 0.122 | 2.25 | 1.910 | 1.31 | 1.26 | 0.093 | 0.097 at 25° gave a Q, of 350 + 34 (s.e.). Impure preparations con- | these 
taining actomyosin gave higher values but all values were lower | into 
Averages 0.004 oda than that reported for skeletal myosin (14). This low value for | of re 
en ae the ATPase value of cardiac myosin is in accord with similar | pymt 
findings reported by Gelotte (6), Gergely et al. (21), and Tenow (31) ; 
III. Rabbit skeletal myosin was found to have a light scattering 2nd Snellman (23). Cardiac actomyosin threads produced im | and | 
molecular weight of 550,000. The concentration dependence of tro by combining cardiac myosin with homologous actin (2) | fectiy 
the scattering curve might also be interpreted as being indicative contracted visibly under the influence of added ATP. at ap 
of some type of interaction at higher protein concentrations. them 
Evidence of aggregation of cardiac myosin in the more con- DEBCUSEION 2.71 
centrated solutions is seen in both the light scattering and dif- Our studies provide a set of physical constants for normal | in go 
fusion measurements. Contrariwise, the slope of the sedimenta- cardiac myosin (myosin C) under constant environmental condi- from 
tion plot ds/de (Fig. 2) is relatively unaffected by concentration, tions of temperature and ionic strength. The preparations, Fre 
probably because it is a function of the cross section of a long furthermore, appeared to be homogeneous during both equilib- | of an 
molecule. In fact if one plots D/s which is proportional to1/M rium and velocity ultracentrifugation and during electrophoresis. | The 
against He/r (corrected for dissymmetry) which is also propor- Mean estimates of molecular weight from measurements of mole: 
tional to 1/M, good linearity is obtained over a range of con- velocity, sedimentation, diffusion, and partial specific volume ‘; 
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gave a value of 226,000 for dog heart myosin. The estimates 
from equilibrium sedimentation and light scattering studies were, 
respectively, 223,000 and 270,000. A total of nine preparations 
were studied, with each preparation providing material for several 
measurements so that interlocking curves were obtained over the 
whole concentration range for each of the measurements. 

The aim of achieving homogeneity of cardiac myosin in solu- 
tions used for physicochemical measurements must not be 
compromised. The presence of small amounts of impurities, 
such as a small leading or trailing peak in the ultracentrifuge, 
should be sufficient reason to postpone physicochemical meas- 
urements until homogeneity is obtained. Such impure prepara- 
tions of cardiac myosin yield falsely high molecular weights (5). 
In our ultracentrifugal studies, leading peaks usually of actomyo- 
sin, always appeared in the early precipitates even in the presence 
of liberal amounts of ATP, and reprecipitations and preparative 
ultracentrifugations were carried out until all fast components 
were removed. In agreement with Lowey and Holtzer’s observa- 
tions on the aggregation of skeletal myosin (24), furthermore, 
we have noted that fast peaks appear in ageing solutions of 
cardiac myosin: their presence completely vitiates any valid 
physicochemical studies. 

The molecular weight of cardiac myosin obtained in this study 
is approximately one-half the currently accepted value for rabbit 
skeletal myosin of 440,000 (16-19). Since the amino acid 
analyses of cardiac myosin‘ are very similar to those of skeletal 
myosin, dog heart cardiac and rabbit skeletal myosin may be 
related to each other as monomer to dimer. Of further interest 
in this connection is the finding of Kielley and Harrington (25) 
that under the influence of guanidine salts, rabbit skeletal myosin 
may be depolymerized to a monomer of 219,000 in molecular 
weight. Heavy meromyosin, liberated from skeletal myosin by 
tryptic digestion (14, 21, 26) has a lower molecular weight than 
skeletal myosin estimated to range from 232,000 (27) to 324,000 
(28). Although H-meromyosin is closer to the size of cardiac 
myosin than its parent molecule, it retains the full ATPase ac- 
tivity of skeletal myosin. This fact suggests that subtle dif- 
ferences in protein structure, apart from molecular weight, exist 
between cardiac and skeletal myosin. 

As regards the shape of cardiac myosin, the physical constants 
previously described and the calculated molecular weight were 
substituted into three equations for the determination of fric- 
tional ratio (f/fo) (29). Essentially identical results were ob- 
tained (2.14 to 2.15) as further evidence of the homogeneity of 
these myosin preparations. Substitution of this value for f/fo 
into Perrin’s equation (30) gave an axial ratio for an ellipsoid 
of revolution of 24:1. Substitution of the limiting viscosity 
number obtained for cardiac myosin in Simha’s shape equation 
(31) gave an axial ratio of 23:1. The application of Scheraga 
and Mandelkern’s formula (32, 33) for the calculation of “‘ef- 
fective hydrodynamic volume” using s°, D®, 6, for a single solvent 
at approximately the same temperature (but without converting 
them to values at 20° in water) gave 8 values of 2.77 xX 10° and 
2.71 X 10° from which axial ratios of 29 and 27 were computed, 
in good agreement with the estimates based on frictional ratio 
from viscosity alone. 

From the axial ratio and the molecular weight, the dimensions 
of an ellipsoidal cardiac myosin molecule would be 690 x 28 A. 
The viscosity measurements rule out a sphere. From the 
molecular weight and average amino acid residue weight, a rigid 


“ R. Iyengar et al., unpublished observations. 
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rod composed of a single a-helix (34) would be approximately 
2,800 A x 10 A, a shape not consistent with the physical con- 
stants. A fully random coil of this weight (35) would have a 
root-mean-square end-to-end distance of 385 A. 

The above considerations, of course, relate to the cardiac 
myosin molecule at infinite dilution. The changes in viscosity, 
diffusion constant, and Hc/r with increasing concentration sug- 
gest that end-to-end aggregation or possibly a coil to rod trans- 
formation occurs in more concentrated solutions. Aggregation 
as a function of concentration has been seen in studies of to- 
bacco mosaic virus protein (36) and a-casein (37). Even skeletal 
myosin has been reported to show increased polydispersity with 
an increasing number of shorter particles in dilute solution (38). 
What the state of cardiac myosin is in the intact heart in which 
the concentration is of the order of 8 g/100 g of tissue (2) and 
the ionic strength much less than 0.6 is unknown. Our data are 
consistent with a physiological model which possesses both some 
rigidity and some random coil elasticity, which could provide 
the flexibility required in the contractile cycle. 


SUMMARY 


Cardiac myosin from normal dogs has been isolated and 
characterized by physicochemical methods. From measure- 
ments of velocity sedimentation, equilibrium sedimentation, 
diffusion, and partial specific volume a molecular weight of 
225,000 was obtained. Light scattering measurements yielded 
a molecular weight of 270,000 and a length for a coil model of 
674 A. Measurements of intrinsic viscosity, in addition to the 
above measurements, were consistent with a model for cardiac 
myosin of a coil 690 x 28 A. Aggregation of these molecules 
appears to occur in concentrated solution. Since normal cardiac 
myosin is different from any previously characterized myosin, 
the name myosin C is proposed for it. 
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More than 40 phenolic acids are known to be excreted in the 
urine of humans ingesting ordinary diets (1). The number can 
be appreciably reduced by the feeding of a purified diet during the 
period of urine collection. However, rats continue to excrete 
several phenolic compounds during starvation; undoubtedly, 
the endogenous metabolism of aromatic amino acids is involved. 

One of the metabolites excreted by rats on a purified diet is 
p-hydroxyphenylpropionic (phloretic) acid. Recently, a clew 
as to the origin of phloretic acid was found. Specifically, o- 
hydroxyphenylpropionic acid was detected in the urine of rats 
given o-tyrosine by stomach tube. When similar studies were 
conducted with tyrosine, an increase in the excretion of phloretic 
acid was observed, 

According to Bernhart and Zilliken (2), a 7- to 10-fold increase 
in the urinary excretion of phenolic acids occurs when rats are 
fed a diet containing 10% tyrosine with or without the addition 
of chlortetracycline. p-Hydroxyphenylpyruvic acid, p-hy- 
droxyphenylacetic acid and traces of homogentisic acid were 
specifically implicated in the phenolic acid fraction. 

In this present report it will be shown that p-hydroxypheny]- 
pyruvic, p-hydroxyphenylacetic, p-hydroxyphenyllactic, phlo- 
retic, p-coumaric, and p-hydroxybenzoic acids are all urinary 
metabolites of tyrosine in the rat and rabbit. A suggested 
scheme of sequential metabolic relationships for these compounds 
is also presented, 


EXPERIMENTAL PROCEDURE 


Methods—Collection of the urine and the procedures used for 
the two-dimensional paper chromatographic detection of the 
urinary phenolic metabolites have been described previously 
(3, 4). To facilitate detection of conjugated phenolic com- 
pounds, all urine samples were routinely screened by preparing 
chromatograms of the ether extract, the hydrolyzed ether ex- 
tract (2 n HCl reflux for 1 hour), ether-extracted urine, and 
hydrolyzed ether-extracted urine. Frequently, unidentified 
areas were cut out and eluted from unsprayed chromatograms 
and various qualitative tests carried out for purposes of identifica- 
tion. 

The composition of the diets fed to rats and rabbits has been 
described previously (5). However, cornstarch was substituted 
for corn meal in the rabbit diet. All compounds studied were 
given by stomach tube at a level of 100 mg per rat unless other- 
wise indicated. 

Materials—o-Tyrosine, m-tyrosine, tyrosine, p-hydroxypheny]- 
acetic acid, and p-hydroxybenzoic acid were purchased from 

* A laboratory of the Western Utilization Research and De- 


velopment Division, Agricultural Research Service, United States 
Department of Agriculture. 


commercial sources. Phloretic acid was prepared by hydrogena- 
tion of p-coumaric acid in ethanol solution with palladium as a 
catalyst. The p-coumaric acid was prepared by the method of 
Vorsatz (6). The ethereal sulfate of p-hydroxybenzoic acid was 
made by treating p-hydroxybenzoic acid with chlorosulfonic acid 
and chloroform in pyridine (7). p-Hydroxyphenylpyruvic acid 
was prepared by a method described by Herbst and Shemin (8). 
A sample of p-hydroxyphenyllactic acid was obtained by hydro- 
genation of p-hydroxyphenylpyruvic acid with sodium amalgam 
(9). The chromatographic behavior of these compounds is 
shown in Table I. All compounds were checked for purity by 
two-dimensional paper chromatography, and were subjected to 
the same conditions of acid hydrolysis as the urine fractions in 
order to distinguish between chemical degradation and metabolic 
change. The sensitivity of the chromatographic technique used 
is such that 2 wg of a phenolic acid can be detected in a 5-mg 
sample of L-tyrosine. 


RESULTS 


An ether extract of the urine of rats receiving the purified diet 
described above was subjected to two-dimensional paper chroma- 
tography. Three phenolic acids, p-hydroxyphenylacetic, phlo- 
retic, and p-hydroxybenzoic, were readily detected. The identity 
of these compounds was based on their Rp values in two dimen- 
sions, their appearance under ultraviolet (Mineralight), and 
their colors after spraying with diazotized sulfanilic acid followed 
by sodium carbonate. The amounts excreted of these three 
compounds are shown in Table II (control). These data were 
obtained by visual comparison of the color intensity of spots on 
the chromatogram containing appropriate aliquots of acid- 
hydrolyzed urine and known amounts (5 wg or less) of the au- 
thentic compounds. 

The administration of o-tyrosine to rats by stomach tube (100 
mg per rat) led to the detection in the urine of o-hydroxyphenyl- 
propionic and o-hydroxyphenylacetic acids. m-Tyrosine gave 
rise to m-hydroxyphenylpropionic and m-hydroxyphenylacetic 
acids. These findings prompted us to investigate the urinary 
phenolic acid metabolites of tyrosine. The metabolic fate of 
o-tyrosine and m-tyrosine will be described in more detail in a 
subsequent report. 

When tyrosine itself was given to rats and the 48-hour urine 
sample was examined chromatographically, distinct increases in 
p-hydroxyphenylacetic and p-hydroxyphenylpropionic acids 
were evident when compared with the ether extract of the control 
urine (Table II). In addition, p-coumaric acid and the ethereal 
sulfate of p-hydroxybenzoic acid were detected on the chroma- 
togram (Table [). 

An understanding was obtained regarding the sequential rela- 
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tionships of these phenolic acids arising from tyrosine by studying 
the metabolic fate of each compound separately. Since p- 
hydroxyphenylpyruvic and p-hydroxyphenyllactic acids have 
previously been identified as tyrosine metabolites (10), they were 
included in this investigation. 

Rats were given p-hydroxyphenylpyruvic acid. The results 
were comparable to those obtained for tyrosine, except that in- 
creased amounts of p-hydroxybenzoic acid and phloretic acid 
were excreted (Table II). The presence of p-hydroxyphenyl- 
lactic acid was also observed on the chromatogram. 

When p-hydroxyphenyllactic acid was given to rats, in con- 
trast to p-hydroxyphenylpyruvic acid, the excretion of both 
phloretic and p-coumaric acids was increased, whereas the excre- 
tion of p-hydroxyphenylacetic acid was decreased and the excre- 
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tion of p-hydroxybenzoic acid was unchanged (Table II). From 
these findings and the observations to follow it was concluded 
that p-hydroxyphenylpyruvic acid is converted to p-hydroxy- 
phenyllactic acid which in turn is then converted to p-coumarie 
and phloretic acids. 

Four of these acids, phloretic, p-coumaric, and p-hydroxy- 
benzoic and its ethereal sulfate, were previously encountered and 
identified as urinary metabolites of naringin (11). Phloretic acid 
administration resulted in the excretion of p-coumaric acid, the 
ethereal sulfate of p-hydroxybenzoic acid, and an increase in the 
excretion of p-hydroxybenzoic acid. In this same report (11) 
it was also found that the only metabolite of p-hydroxybenzoic 
acid was its ethereal sulfate. 

When p-coumaric acid was administered to rats, large amounts 
of p-hydroxybenzoic acid and its ethereal sulfate derivative were 
excreted in the urine. The compound given, p-coumaric acid, 
and its glycine conjugate were also readily detected. Saturation 
of the double bond in the side chain of the p-coumaric acid would 
account for the observed increase in the excretion of phloretic 
acid. 

When two antibiotics were added to the basal diet (strepto- 
mycin, 33 mg per 100 g and sulfathiazole, 750 mg per 100 g) and 
fed to rats without added tyrosine, there was no change (de- 
crease) in the normal excretion of phloretic, p-hydroxyphenyl- 
acetic, or p-hydroxybenzoic acids. Furthermore, when 10% 
tyrosine was added to the above antibiotic containing diet, large 
increases in the excretion of phenolic acids were measured. For 
example, the ingestion of 1.5 g per rat per day of tyrosine resulted 
in the minimal excretion of 75 mg of p-hydroxyphenylpropionic 
acid, 75 mg of p-hydroxyphenylacetic acid, 50 mg of p-hydroxy- 
benzoic acid, and 15 mg of p-coumaric acid. Thus, more than 
14% (215 mg) of the extra tyrosine fed was excreted in the urine 
as phenolic acids. 

A species difference exists between rats and rabbits, in that 
the excretion of phloretic acid is not normally detected in the 
urine of rabbits on a purified diet, whereas it is readily detected 
in the case of the rat. Both species, however, excrete p-hydroxy- 
phenylacetic acid and p-hydroxybenzoic acid on purified diets 
containing casein as a protein source. Urine from humans 
ingesting a high protein diet, is similar to rabbit urine with re- 
spect to the absence of phloretic acid and the presence of p- 
hydroxyphenylacetic and p-hydroxybenzoic acids. 

Adult albino rabbits were given L-tyrosine by stomach tube 
(2 g each), and urine was collected for a 24-hour period. Ether 
extracts of the acidified urine were chromatographed as described 
above for rat urine. No phloretic acid was detected on the 
chromatogram, but slight increases in the excretion of both 
p-hydroxyphenylacetic and p-hydroxybenzoic acids were ob- 
served. 

When p-hydroxyphenylpyruvic acid was administered to 
rabbits (0.9 g each), an area corresponding to phloretic acid 
(Table I) was clearly evident. The amount of phloretic acid 
excreted in the 24-hour urine sample was in excess of 3 mg per 
rabbit. The amounts of p-hydroxyphenylacetic and p-hydroxy- 
benzoic acids were increased in this same urine from control 
values of 18 and 9 mg to 36 and 45 mg, respectively. An in- 
crease in the excretion of p-hydroxyphenyllactic acid was also 
noted. 

Finally, when p-hydroxyphenyllactic acid was given to rabbits 
(0.9 g each), more than 3 mg of phloretic acid were excreted. 
In the same urine the amount of p-hydroxybenzoic acid including 
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its ethereal sulfate was increased to 45 mg, but the amount of 
p-hydroxyphenylacetic acid was not increased (18 mg). Ap- 
proximately one-fifth of the p-hydroxyphenyllactic acid ad- 
ministered was excreted unchanged. 


DISCUSSION 


A scheme summarizing the proposed pathways by which 
tyrosine is converted to p-hydroxyphenylacetic and p-hydroxy- 
benzoic acids is shown in Fig. 1. The interrelationships shown 
for these compounds are based on the results obtained when the 
individual compounds were given to rats or rabbits. It should 
be emphasized that this scheme is simply a working hypothesis 
which satisfactorily accounts for the observations reported herein 
(Table II). The directions of the arrows in Fig. 1 indicate only 
end results, rather than completely balanced reactions. 

The conversion of p-hydroxyphenyllactic acid to p-coumaric 
acid appears to be a new metabolic reaction. Experiments 
involving radioactive substrates and incubations in vitro are 
being designed to study in more detail the biological dehydration 
of a phenolic a-hydroxy acid. Another example of a new meta- 
bolic reaction was encountered recently when we discovered the 
dehydroxylation in vivo of specific phenolic hydroxyl groups (12). 
Other workers have confirmed this observation (13), but the 
enzyme system involved has not yet been isolated. 

The conversion of tyrosine to phenolic acids does not appear 
to be dependent on intestinal microorganisms. This was shown 
by feeding antibiotics (streptomycin and sulfathiazole) to rats 
with and without extra dietary tyrosine. In neither case did the 
feeding of antibiotics decrease the excretion of phenolic acids. 
According to Boscott and Greenberg (14), the administration of 
aureomycin and phthalylsulphathiazole prevented the urinary 
excretion of phloretic acid but did not significantly alter the 
levels of the other urinary phenolic acids. The results reported 
by Bernhart and Zilliken with aureomycin also indicate that the 
increased phenolic acid excretion by rats fed tyrosine is inde- 
pendent of the influence of intestinal microorganisms (2). The 
fact that rats starved for more than 72 hours continue to excrete 
phloretic, p-hydroxyphenylacetic, p-coumaric, and p-hydroxy- 
benzoic acids in the urine is further evidence for the view that 
these phenolic acids are of endogenous origin. Incidentally 
xanthurenic acid, a metabolite of tryptophane, is also excreted 
by starved rats as would be expected when body protein is being 
metabolized for energy. 

The established role of tyrosine involving its conversion to 3 ,4- 
dihydroxyphenylalanine, melanin, adrenaline, and homogentisic 
acid has been intentionally omitted from this scheme, since none 
of these compounds or their intermediates were detected in the 
urine by the methods used in this study. From the suggested 
scheme shown in Fig. 1, it is now possible to account for the 
occurrence of p-hydroxyphenyllactic, phloretic, p-hydroxy- 
phenylacetic, p-coumaric, and p-hydroxybenzoic acids in the 
urine of rats maintained on a purified, nutritionally adequate 
diet. These urinary metabolites of tyrosine, with the exception 
of phloretic and p-coumaric acids, are also found in rabbit and 
human urine. However, when rabbits were given either p- 
hydroxyphenyllactic acid or p-hydroxyphenylpyruvic acid by 
stomach tube, phloretic acid was readily detected on the chroma- 
togram of the ether extract of the urine together with a 5-fold 
increase in the excretion of p-hydroxybenzoic acid. Thus, it 
appears that the rabbit and perhaps man are more efficient than 
the rat in the conversion of phloretic acid and p-coumaric acid 
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Fig. 1. Proposed scheme for the metabolic transformations of 
tyrosine. 
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to p-hydroxybenzoic acid by 6-oxidation under normal condi- 
tions, when the capacities of the enzyme systems involved are 
not overloaded. Similarly, in a previous report, a species differ- 
ence was observed, in that m-hydroxyhippuric acid was primarily 
excreted by humans, whereas the rat preferentially excreted m- 
hydroxyphenylpropionic acid after the ingestion of chlorogenic 
acid (3). 

Homogentisic acid was not detected in the urine in these 
experiments even when its immediate precursor, p-hydroxy- 
phenylpyruvic acid, was administered to rats. However, this 
does not mean that homogentisic acid was not formed; rather 
that it was rapidly metabolized to other products no longer 
detectable by the procedures used here. Supporting this view is 
the finding that only traces of homogentisic acid were detected 
in the urine when a large single dose of it (100 mg per rat) was 
given. Bernhart and Zilliken also concluded that only small 
amounts of homogentisic acid were excreted, as compared to the 
total phenol and phenolic acid fractions when rats were fed up 
to 10% tyrosine in the diet (2). 

The p-hydroxybenzoic and p-hydroxyphenylacetic acid path- 
ways of tyrosine metabolism described here are of fundamental 
biochemical interest for at least three reasons: (a) a satisfactory 
explanation for the occurrence of these phenolic acids in the 
urine of normal animals is now available; (b) at least one-seventh 
of the extra tyrosine ingested by normal rats was excreted via 
these two pathways; and (c) in the presence of defects in the 
metabolism of phenylalanine and tyrosine via homogentisic acid, 
the newly proposed pathways may assume an even more signifi- 
cant role. Regarding the latter point (c), a report by Aterman 
et al. (15) indicates that such is the case. These workers found 
that, ‘‘in contrast to normal animals, scorbutic guinea pigs 
excreted in the urine p-hydroxyphenylacetic acid as well as 
smaller amounts of p-hydroxyphenyllactic acid.” 

Abolishment of the urinary excretion of p-hydroxyphenyl- 
acetic, p-hydroxyphenyllactic, and phloretic acids by feeding 
chloretone in the diet of rats was reported by Boscott and Green- 
berg (14). Since our attempts to confirm this effect were nega- 
tive, we therefore do not concur with the suggestion that the 
urinary excretion of p-hydroxyphenylacetic acid may be regarded 
as an early indication of suboptimal intake of ascorbic acid. 


SUMMARY 


Metabolic pathways involving the conversion of tyrosine to 
p-hydroxyphenylacetic acid and p-hydroxybenzoic acid in the 
animal body are presented. At least four urinary phenolic acid 
intermediates have been identified, including p-hydroxypheny]l- 
pyruvic, p-hydroxyphenyllactic, phloretic, and p-coumaric. 
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Studies on the Metabolism of Tissue Proteins 
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The metabolic turnover of connective tissue proteins has not 
been studied as extensively as has that of other intracellular tis- 
sue proteins (1). Isotopically labeled amino acids were first 
used for such investigations by Neuberger et al. (2-4) and others 
have extended such studies to the metabolic behavior of the two 
amino acids, hydroxylysine (5-8) and hydroxyproline (9-12), 
which are found only in collagen. In addition to these studies 
on the turnover of normally occurring tissue collagen, experi- 
ments with collagen synthesized during a period of rapid pro- 
liferative growth of connective tissues, which had been induced 
either by implantation of polyethylene sponges (8, 13, 14!) or by 
injection of carrageenan (11, 12, 15), have helped to elucidate 
various aspects of collagen metabolism. 

Our paper deals with the rate of replacement of collagen in 
growing rats previously labeled with proline-U-C". 


EXPERIMENTAL PROCEDURE 


Each of eight rats, weighing 128 + 4 g, was given an intra- 
peritoneal injection of 6 ye of proline-U-C™ (specific activity, 
1.5 X 10° ¢.p.m. per umole).? The rats had free access to food 
and water and were killed in pairs at 1, 3, 6, or 15 days, respec- 
tively, after injection of isotope. The liver, skin, muscle, kidney, 
testis, spleen, bone (femur and humerus), and tail tendon of each 
rat were removed and frozen. 

Isolation of Protein Fractions—With the exception of bone, 
tendon, and skin, each organ studied was homogenized in 20% 
aqueous urea and the collagen fraction isolated by a combination 
of the methods of Neuberger et al. (2) and Fitch et al. (16). In 
the case of bone, skin, and tendon, the collagen fraction was 
extracted with boiling water. The collagen fractions of muscle 
and skin and, in four rats, also those of liver, bone, tendon, and 
intestine were extracted subsequently with 0.3 n perchloric acid 
according to the method of Fitch et al. (16) modified by 
substituting perchloric acid for trichloroacetic acid. 

Three collagen fractions were isolated from skin according to 
the procedure of Jackson (15), 7.e. a neutral salt-soluble fraction, 
a citrate-soluble fraction, and an insoluble collagen fraction. 
Because of the low yield of the neutral salt-soluble collagen 
fraction, its specific activity could not be determined. 


* Supported, in part, by a grant from the United States Atomic 
Energy Commission and by a Public Health Service research grant 
from the Department of Health, Education and Welfare. 

t Max Kade Fellow. 

1 Also K. Konno and K. I. Altman, to be published. 

? Obtained from Schwartz Laboratories, Mt. Vernon, New York, 
or labeled by a biosynthetic procedure in the laboratory of Dr. 
L. L. Miller, University of Rochester School of Medicine, Roches- 
ter, New York. 


Isolation and Determination of Proline and Hydroxyproline 
from Protein Hydrolysates—The collagen fractions were hydro- 
lyzed in 6 n hydrochloric acid at 100° for 18 hours in a sealed 
tube. Hydrochloric acid was removed first by distillation in a 
vacuum and finally by evaporation in a stream of air. The 
remaining residue was dissolved in water and chromatographed 
on strips of Whatman No. 3MM paper, 5 inches wide, with the 
use of phenol-water, 80:20 (volume per volume) as the solvent 
system. The positions of proline and hydroxyproline were 
determined by means of a narrow guide strip sprayed with ninhy- 
drin, and these amino acids were eluted with water from the 
unsprayed portion of the paper. These eluates were used for 
chemical analysis and for the determination of radioactivity. 
In a few instances, the eluates were rechromatographed in butyl 
acetate-acetic acid-ethanol-water, 3:2:1:1 (17). The single 
radioactive area so obtained on the developed strip was found 
superimposable on that obtained with an authentic sample of the 
amino acid. 

Proline was determined chemically according to the method 
of Troll and Cannan (18); and hydroxyproline, according to the 
method of Neuman and Logan (19). All samples, plated on 
concave polyethylene planchets (1 inch diameter), were assayed 
for radioactivity in a gas flow counter with the use of a mixture 
of helium and isobutane as quenching gas. The counting error 
in all instances was 2% or less. 

Although the hydroxyproline content of the collagen isolated 
in these experiments was of the order of 13 to 14%, the possibility 


of contamination by traces of noncollagenous material cannot be 
excluded. 


RESULTS AND DISCUSSION 


Figs. 1 to 3 represent plots of specific activity as a function of 
time for proline and hydroxyproline isolated from various organs. 
The data plotted in Figs. 1 to 3 were not corrected for changes in 
body weight occurring in the course of the experiment. 

The curves of specific activity versus time for proline or hy- 
droxyproline in collagen of the organs may be divided into three 
types: (a) curves exhibiting an exponential decrease of activity 
versus time, e.g. proline isolated from muscle collagen (Curve 6 
in Fig. 2). This curve suggests that only a single proline-con- 
taining protein is present. (b) Curves suggesting the existence 
of two or more proline-containing components, e.g. proline from 
bone collagen (Curve 4, Fig. 2); and (c) a miscellaneous group of 
curves characterized either by an initial plateau followed by a 
decrease in activity or by an initial increase in activity with 
slight decrease after attaining a maximal value. Examples of 
the former type of curve are found for hydroxyproline isolated 
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Fia. 1. The specific activity of proline and hydroxyproline iso- 
lated from different fractions of skin collagen. The following 
symbols identify each curve: proline, O; and hydroxyproline, x. 
The fractions are represented by the number appearing in each 
subsection of the figure: total skin collagen, /; insoluble skin col- 
lagen, 2; and citrate-soluble skin collagen, 3. The specific activ- 
ities are expressed as c.p.m. per umole per 1 uc of proline injected 
per 100 g, animal weight. 


from muscle (Curve 6, Fig. 2), intestine (Curve 8, Fig. 3), and 
liver (Curve, 9, Fig. 3). Examples of the latter type of curve 
are seen for hydroxyproline isolated from insoluble skin collagen 
(Curve 2, Fig. 1) and skin collagen (Curve 1, Fig. 1). 

The turnover time’® for collagen of several organs has been 
computed from the data shown in Figs. 1 to 3 after correcting 
these data for changes in body weight‘ during the experimental 
period. The results of these computations are summarized in 
Table I. In those instances where the activity-time curve of 
proline residues in collagen of an organ exhibited a fast metabolic 
component (Curves 5, 7, 8, and 9), which was not present in the 
activity-time curve of hydroxyproline residues, only the part of 
the activity-time curve common to proline and hydroxyproline 
was used in the computation of the turnover time. However, 
in bone collagen (Curve 4, Fig. 2) the activity time curve of 
proline and hydroxyproline exhibits identical, fast and slow 
metabolic components and, therefore, the turnover times of both 
components were computed and are shown in Table I. 

Marked differences in turnover times exist in collagen isolated 
from various organs. The organs studied in the present investi- 
gation may be arranged according to their turnover time in 


3 The term “‘turnover time” as used in this paper refers to the 
time required for the decrease of the specific activity of a com- 
pound to 37% of its initial activity. 

4 The per cent of increase in body weight at the time of sacrifice 
was as follows: after, 1, 3, 6, and 15 days there was an increase of 
3, 16, 27, and 45%, respectively. 
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decreasing order as follows: kidney, skin, tendon, muscle, liver, 
intestine, and bone. 

Neuberger et al. (2, 3) found a similar relationship for the 
turnover of collagen in skin, liver, and tendon of rats weighing 
about 200 g, although the values for the turnover times in thege 
organs appear to be longer than those presented in this paper, 
In the same investigation, these investigators used rats weighing 
approximately 60 g and found a higher turnover for collagen of 
liver and tendon than that reported here. Van Slyke and Sinex 
(6) found a higher turnover than that reported here for rats 
weighing 80 g. It is probable that differences in the ages of the 
rats used account, to a large extent, for the difference in the turn- 
over of collagen observed by different investigators. Thompson 
and Ballou (20) studied the turnover of collagen over a period of 
300 days and found that a considerable part of the carcass 
collagen is metabolically inert. It is conceivable that these 
investigators determined turnover of the insoluble fractions of 
collagen. Such a fraction studied in skin in this investigation 
had, also, a long turnover time of more than 150 days. 

The turnover time computed for each of the organs investi- 
gated seems to parallel its respective metabolic and cell turnover, 
Bone collagen is an exception in this respect because its turnover 
time is unexpectedly short. Since the rats were growing rapidly, 
the labeled amino acid has probably been incorporated preferen- 
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Fic. 2. The specific activity of proline and hydroxyproline iso- 
lated from collagen of bone, tendon, and muscle. The following 
symbols identify each curve: proline, O; and hydroxyproline, X. 
The fractions are represented by the number appearing in each 
subsection of the figure: bone, 4; tendon, 5; and muscle, 6. The 
specific activities are expressed as c.p.m. per umole per 1 uc of 
proline injected per 100 g, animal weight. 
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tially into the epiphyseal areas and, therefore, the turnover times 
of bone collagen are not unreasonable. 

In agreement with corresponding observations concerning 
lysine and hydroxylysine (6), a value not less than two-thirds of 
its final value for the ratio of the specific activities of hydroxy- 
proline to proline in collagen prepared from muscle (Curve 6) 
and skin (Curve 1) was attained during the initial 24-hour period 
after injection of proline-U-C%. Subsequently, a gradual in- 
crease in this value was found and may be attributed either to 
the presence of a protein contaminant having a rapid turnover 
and lacking hydroxyproline and/or to the presence of newly 
formed residues of hydroxyproline. The latter possibility is 
favored by the increase or constancy of the specific activity of 
hydroxyproline in accordance with the type of activity-time 
curve as discussed under (c) in a preceding section of this paper. 
The apparent genesis of hydroxyproline residues may be due to 
either a continued hydroxylation of proline residues or to factors 
related to the procedure used routinely in the isolation of col- 
lagen. It is conceivable that a portion of the neutral salt-soluble 
collagen is lost as a result of the treatment with urea. Since 
neutral salt-soluble collagen has been shown to have a short 
turnover time and to act as a precursor of insoluble collagen 
fractions (4), the appearance of highly labeled hydroxyproline 
residues in the routinely isolated samples of collagen may be 
expected to extend beyond the first day after injection of proline- 


40 4 
30 


20 


10 4 





7o 4 
60 +4 


40 4 


20 4 


SPEC. ACTIVITY 


0 
4 r@) 4 4 
, d P on 
N @ © 





70 


50 
40 


30 








3 6 9 12 1s 
DAYS 


Fic. 3. The specific activity (c.p.m. per zmole) of proline and 
hydroxyproline isolated from collagen of kidney, intestine, and 
liver. The following symbols identify each curve: proline, O; 
and hydroxyproline, X. The organs are represented by the num- 
ber appearing in each subsection of the figure: kidney, 7; intestine, 
8; and liver, 9. The specific activities are expressed as c.p.m. per 
umole per 1 ue of proline injected per 100 g, animal weight. 
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TaBLeE I 


Turnover times of collagen isolated from various organs 
and of collagen fractions isolated from skin 

















Organ Component isolated Turnover time 
days 
Skin Total collagen 60 
Skin Insoluble collagen >150 
Skin Citrate-soluble collagen 25 
Muscle Total collagen 50 
Tendon Total collagen >110 
Bone Total collagen 
Fast component 4 
Slow component =40 
Kidney Total collagen = 300 
Intestine Total collagen 20 
Liver Total collagen 30 
U-C™“. The gradual transition between different collagen frac- 


tions is illustrated by the gradual rise of the specific activity of 
hydroxyproline residues of the insoluble fraction of skin collagen 
(Curve 2, Fig. 1) which occur simultaneously with the decrease 
in the specific activity of comparable residues of the citrate- 
soluble fraction of skin collagen (Curve 3, Fig. 1). 

If the assumption is valid that hydroxylation of proline resi- 
dues continues after the initial 24-hour period after the injection 
of labeled proline, it is noteworthy that the rate of hydroxylation 
of proline remained nearly constant with respect to the number 
of proline residues destined to be hydroxylated. 


SUMMARY 


Proline-U-C" was given to rats which were killed thereafter at 
different times. Collagen was isolated from various organs and 
the specific C™ activities of the constitutive proline and hydroxy- 
proline were determined. The turnover times for collagen of 
several organs were computed from the rates of replacement and 
were as follows: tendon, >110 days; muscle, 50 days; skin, 60 
days; liver, 30 days; intestine, 20 days; and kidney, ~300 days. 
Bone collagen is characterized by the presence of more than one 
metabolically distinct component, one of which has a very rapid 
turnover (4 days). Skin was fractionated into citrate-soluble 
and insoluble collagen fractions. The former is labeled more 
extensively and has a shorter turnover time (25 days) than the 
latter (>150 days). 
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Although many studies have dealt with the mechanism of 
muscular contraction and with the composition and structure of 
myofibrillar proteins, very little information exists as to the 
origin of these substances, or the manner in which they are 
assembled. Moscona (1), from the study of myogenic cells of 
the chick embryo, found indications that cytoplasmic granules 
may be the precursors of myofibrils. It is well known that 
protein synthesis in animals occurs more slowly in striated muscle 
than in such organs as liver. McLean et al. (2) have shown 
that in muscle, mitochondria are as active as microsomes in the 
incorporation of isotopic amino acids into protein. They also 
observed the labeling of myofibrils. It is possible that certain 
of the proteins synthesized by the particulate fractions of muscle 
may be subsequently integrated into the myofibrils. It may also 
be postulated that myofibrils can themselves synthesize proteins. 
In this connection, it is of interest that Perry and Zydowo (3) 
have isolated a ribonucleoprotein from myofibrils of rabbit and 
chicken skeletal muscle. 

The incorporation of labeled amino acids into proteins of mus- 
cle has been measured under several physiologica] conditions. 
For instance, the uptake of glycine-C™ into myosin of rabbit 
gastrocnemius muscle was found to decrease following nerve 
section (4). From the standpoint of the biosynthesis and inter- 
relationships of myofibrillar proteins, the only detailed research 
has been that of Velick (5). Using specific activity measure- 
ments with isotopic phenylalanine and tyrosine, he concluded 
that actin, H-meromyosin, and the glycolytic enzymes were 
derived from a common amino acid pool in skeletal muscle of the 
rabbit. Also there were indications that L- and H-meromyosins 
were independently synthesized and had different turnover rates. 
It appeared unlikely that tropomyosin was simply a precursor, 
or a form of myosin. 

The present investigation deals with the rates of incorporation 
in vivo of radioactive amino acids into proteins of myofibrils, mito- 
chondria, microsomes, and the soluble (nonsedimentable) frac- 
tion of chick pectoral muscle. Experiments were also performed 
with labeled adenine, to obtain an indication of the metabolic 
activity of RNA in the myofibrils. The research is primarily 
concerned with the origin of the myofibrillar proteins. 


EXPERIMENTAL PROCEDURE 


Isotopic Compounds—vt-Valine-1-C" and pt-leucine-1-C" were 
obtained from the Radiochemical Centre, Amersham, England; 
adenine-8-C™ was purchased from Schwartz Laboratories, Mount 


* This research was supported by a grant from the Muscular 
Dystrophy Associations of America. 


Vernon, New York. The compounds were used at indicated 
specific radioactivities and dosage. 

Animals—Groups of 2- to 4-week-old chicks, closely matched 
in body weight, were given intraperitoneal injections of specified 
compounds. At different time intervals two birds of each group 
were killed, and their pectoral muscles were pooled. The chicks 
were not fasted beyond the first 3 hours after injection of labeled 
compounds. 

Isolation of Muscle Cell Components—All preparative opera- 
tions were done at 0°. The freshly excised muscle was quickly 
chilled and then homogenized with 6 parts of 0.1 m KCl contain- 
ing 0.05 m Tris, pH 7.5 (6). This buffer did not cause agglutina- 
tion of mitochondria and microsomes, as was reported for saline 
solutions with liver (7). Sucrose was not used, since it favors 
gel formation (8). Also, a slightly better yield of granules is 
obtained with KCl buffer, as compared to sucrose (3). The 
homogenization was first performed with a loose fitting glass- 
Teflon Potter homogenizer, and then with a moderately tight 
apparatus. The resulting homogenate was centrifuged for 15 
minutes at 600 x g. The supernatant phase was decanted, 
filtered through glass wool, and centrifuged for 20 minutes at 
600 x g to remove myofibrillar debris, The turbid liquid was 
then centrifuged for 25 minutes at 15,000 x g to sediment the 
mitochondria, and lastly for 90 minutes at 80,000 x g (Spinco 
ultracentrifuge, model L) to bring down microsomes. The pel- 
lets were drained free of liquid and the inside walls of the tubes 
were rinsed with KCl-Tris buffer. The particulate fractions 
were then suspended in water, and their proteins! precipitated 
by the addition of an equal volume of 10% trichloroacetic acid. 
After centrifuging, the precipitates were washed twice with 5% 
trichloroacetic acid and twice with ethanol. A portion of the 
supernatant phase from the sedimentation of microsomes was 
likewise subjected to the above treatment for the isolation of 
protein. 

The myofibrillar sediment from the initial centrifugation of the 
muscle homogenate was rehomogenized (without delay) for 3 
minutes in a Waring Blendor with 5 volumes of 0.025 m KCl- 
0.04 m borate pH 7.1, as employed by Perry and Grey (9). The 
procedure of these investigators was then used to purify the 
myofibrils. It was found advantageous to wash the final prep- 
arations on conical paper filters (Whatman No. 1) with KCl- 
borate buffer and gravity filtration, to further reduce contamina- 
tion by mitochondria. A dilute suspension in water of a portion 
of myofibrils was stirred, while concentrated trichloroacetic acid 

1 The term “‘protein,’’ used in connection with the different 


cellular fractions, includes nucleoproteins precipitated by cold 
trichloracetic acid. 
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solution was added to a 5% concentration. The precipitated 
protein was then collected, and washed as in the case of the other 
cell fractions. In experiments with adenine-C™, care was taken 
to maintain the myofibrils in trichloroacetic acid for at least 20 
minutes at 0°, in order to remove bound nucleotide (10). 

Treatment of Myofibrils with Sodium Deoxycholate—Operations 
were performed at 0°. One part of myofibrillar paste was sus- 
pended in about 5 parts of 0.05 m Tris pH 7.5, and an equal 
volume of 0.8% deoxycholate was added. After 10 minutes, 4 
volumes of water were added, and the mixture was centrifuged 
for 15 minutes at 15,000 x g. The clear supernatant solution 
was removed, and protein was isolated from it by the method 
described for particulate fractions. In certain experiments, this 
supernatant solution was instead centrifuged for an additional 
2 hours at 110,000 x g. The resulting pellets of nucleoprotein 
were then isolated, rinsed with water, and subjected to analysis. 

Fractionation of Myofibrillar Proteins with Potassium Chloride— 
The procedure of Perry and Zydowo (11) was used to yield three 
fractions: (a) proteins insoluble in cold KCl-pyrophosphate 
buffer; (6) actomyosin, extracted by KCl and precipitated by 
dialysis; and (c) “extra protein,’ also extracted, but not precip- 
itated by dialysis. 

Radioactivity Measurements—Replicate samples (5 to 15 mg) of 
each protein preparation (suspended in ethanol) were dried as 
uniform layers on tared steel planchets, with a heat lamp. The 
radioactivities were measured in the gas flow Geiger counter and 
corrected to zero layer thickness. The exact distribution of C“ 
in protein and nucleic acid fractions was not determined by 
analysis of hydrolysates in the present work. However, it has 
been shown that the administration of either isotopic valine or 
leucine to animals leads to labeling of liver proteins with only 
these amino acids, and no secondary radioactive components are 
found (12). Also, it is well established (13) that labeled adenine 
gives rise to labeling in only adenine and guanine of various tis- 
sue nucleic acids. Hence, it seems permissible to express the 
observed radioactivity values of muscle proteins in terms of 
umoles of purines or of leucine or valine, by reference to standard 
activities of the injected compounds. 

Nucleic Acid Analysis—The RNA content of various protein 
fractions was determined by the orcinol procedure of Drury (14), 
following a 20-minute extraction at 70° with 3.5% perchloric 
acid. Close agreement with these results was obtained when 
RNA was calculated from spectrophotometric measurements at 
260 my on the same perchloric acid extracts, with the use of the 


TABLE I 
Incorporation of adenine-C'* into muscle cell fractions 


Isotopic adenine (1.0 we per umole) at a level of 2 umoles per 
100 g body weight was given to 300 g chicks. 











Purine-C™ Purine-C™“ 
incorporated RNA incorporated 
Fraction isolated content of 
proteins 
6 hours | 20 hours 6 hours |20 hours 
pmoles/g protein % pmoles/g RNA 
Mitochondria...........| 0.0133 | 0.0049 4.8 0.28 | 0.10 
Microsomes............. 0.0172 | 0.0061 | 10.4 0.17 | 0.06 
Soluble protein... .. ....-| 0.0021 | 0.0006 | 0.21 | 1.00 | 0.29 
Myofibrils.............| 0.0015 | 0.0010 0.59 | 0.25 | 0.17 
15,000 g supernatant of 
deoxycholate-treated 
myofibrils............| 0.0046 2.05 
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factor 33.1 to convert optical density to ug of RNA per ml (15), 
The DNA content of myofibril preparations was determined by 
the method of Webb and Levy (16). 


RESULTS AND DISCUSSION 


The myofibril preparations were rather uniform in appearance 
when examined in both the phase contrast (light) and the electron 
microscope. Occasional nuclei were present, but granules were 
rare. The myofibrillar protein contained approximately 0.6% 
RNA, when analyzed by either ultraviolet spectroscopy or an 
orcinol method (Table I). This value is in good agreement with 
that reported by Perry and Zydowo (11). Our myofibril prep- 
arations, however, contained from 0.2 to 0.8% DNA, which igs 
about twice the value found by the above investigators (3), 
Assuming an RNA:DNA ratio of 0.1 to 0.2 for chick muscle 
nuclei (17), it seems unlikely that contaminating nuclear RNA 
accounted for more than a minor proportion of the RNA retained 
in the isolated myofibrils. 

Viewed in the electron microscope, the mitochondria contained 
both large and smaller granules, whereas the microsomes ap- 
peared fairly homogeneous. In neither case were myofibrils nor 
cellular debris present. In appearance, the preparations resem- 
bled the corresponding fractions of liver tissue. Information 
comparable to that available for endoplasmic reticulum of liver 
is lacking in the case of sarcoplasmic reticulum. Perry and 
Zydowo (3) found that the bulk of the granules of rabbit skeletal 
muscle sedimented in 2 hours at 15,000 x g. In the present 
procedure, patterned after that of Simpson and McLean (18), 
approximately equal quantities of mitochondria and microsomes 
(each corresponding to about 120 to 150 mg of protein per 100 
g of muscle) were obtained after 15,000 and 80,000 x g. Certain 
investigators, including Kitiyakara and Harman (19), have 
stressed the heterogeneity of muscle mitochondria. However, a 
series of mitochondrial subfractions did not differ markedly in 
activity in the amino acid incorporation process (2). 

In rabbit striated muscle, the RNA amounts to only about 
0.4% of the total protein plus RNA (3), as compared to 5% in 
(rat) liver tissue (20). However, chick muscle microsomal pro- 
tein contained 10.4% RNA (Table I), about the same value as 
that of rat liver microsomes (20). The protein of the muscle 
mitochondria had a lower RNA content, 4.8%. 

It was found that labeled adenine was incorporated to only a 
very limited extent into the subcellar fractions of chick skeletal 
muscle (Table I), and that a considerable loss of isotope occurred 
between 6 and 20 hours. The highest concentrations, at 6 hours, 
were in proteins of mitochondria and microsomes. However, 
myofibrils comprise more than 50%, and soluble protein about 
40%, of the total muscle cell protein. Accordingly, it can be 
calculated that each of these fractions accounted for approxi- 
mately 40% of the incorporated C%. This conclusion may be 
compared to the finding that the ribonucleoprotein component 
of myofibrils contains about 40% of the RNA of rabbit or hen 
skeletal muscle (3). 

From the RNA content of the protein fractions in Table I, the 
specific activities per g of RNA were calculated. On this basis, 
soluble RNA had the highest C™“ concentration; mitochondrial 
and myofibrillar RNA were intermediate; whereas microsomal 
RNA was lowest in activity, at both 6 and 20 hours. It is now 
well established (21) that the turnover rate of RNA is highest in 
the soluble nucleoprotein fraction of such tissues as liver and 
pancreas, and it has been suggested that an inverse relationship 
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exists between rates of RNA renewal and protein synthesis (22). 
Our data on muscle are not adequate to examine this latter 
generalization, but a moderate rate of amino acid incorporation 
into myofibrils was anticipated and found, as will be pointed out 
presently. 

The figures for myofibrils in Table I do not exclude radioactiv- 
ity due to DNA of contaminating nuclei, nor was the isolation 
of nuclei undertaken in the present research. However, some 
additional information on the RNA of myofibrils was obtained 
by the use of deoxycholate. This reagent was found to extract 
about one-half of the RNA and 15% of the protein. It may be 
seen that the deoxycholate extract of myofibrils (Table I) was 
enriched more than 3-fold in both RNA and purine-C™ concen- 
tration. Upon further analysis, this fraction was found to have 
a DNA content of less than 0.1%. 

The initial experiments on amino acid incorporation into mus- 
cle cell components were made with a tracer level dosage of 
leucine-C™ (Fig. 1). The early phase of the process resembles 
that found (2) after 5 minutes in rat muscle: microsomal and 
mitochondrial proteins were highest; soluble protein had a con- 
siderably lower activity, followed closely by myofibrils. The 
C“ concentration in the particulate fractions of Fig. 1 passed 
through a maximum at approximately 2 hours, and subsequently 
declined slowly. On the other hand, soluble protein and myo- 
fibrils reached maximal] radioactivity at about 3 hours, and then 
did not change appreciably up to at least 12 hours. It is gener- 
ally considered that precursor-product relationships require a 
crossing over of specific activity curves. This condition was not 
realized in Fig. 1, and the data cannot be taken as evidence that 
myofibrillar protein and soluble protein are derived from that 
of the muscle granules. However, results to be presented later 
in this paper (Fig. 4) suggest such a possibility. 

It was of interest to determine the relative concentrations of 
labeled leucine in proteins of myofibrils, partially fractionated 
by the salt extraction procedure of Perry. The analyses of ma- 
terial taken from the preceding experiment are shown in Fig. 2. 
Highest radioactivities were consistently found in “extra protein’ 
and the lowest values in actomyosin, whereas proteins not ex- 
tracted by KCl-pyrophosphate buffer were intermediate in C™ 
concentration. The extra protein has been resolved (11) by 
chromatography into four subfractions: sarcoplasmic proteins, 
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HOURS AFTER INJECTION 
Fig. 1. Incorporation of isotopic leucine into proteins of mus- 
cle cell cytological fractions. The chicks weighed 260 to 270 g. 
The dosage was 2 umoles of pi-leucine-C™ (0.5 we per umole) per 
100 g body weight. 
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Fig. 2. Distribution of labeled leucine in subfractions of myo- 
fibrils. KCl fractionation was applied to portions of the (fresh) 
myofibrils from the experiment of Fig. 1. 
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Fig. 3. Incorporation of isotopic valine into proteins of muscle 
cell fractions. Chicks weighing 150 to 160 g were used. The 
dosage was 70 umoles of pi-valine-C" (0.03 ue per umole) per 100 g. 
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globulin plus water-soluble component, tropomyosin, and ribo- 
nucleoprotein. 

When another labeled amino acid, valine, was used at a much 
higher level (on a molar basis) and with somewhat younger birds 
(Fig. 3), the radioactivity curves of microsomal and mitochon- 
drial proteins did not have sharp peaks as in the leucine experi- 
ment, but remained virtually horizontal after maximal activity 
was reached. The curves for soluble and myofibrillar proteins 
had the same forms as in Fig. 1. No conclusions could be drawn 
from this data as to the origin of the labeled proteins of the myo- 
fibrils. The high degree of incorporation of isotopic amino acid 
in Fig. 3, as compared to that with the tracer dose of leucine, 
may be noted. 

Table II shows that the extra protein fraction of valine-labeled 
myofibrils had the highest C' concentration, and actomyosin the 
lowest radioactivity, as in the leucine experiment. 

In seeking further clues to the origin of myofibrillar proteins, 
a procedure was used which permitted the abrupt interruption of 
the amino acid incorporation process in particulate fractions of 
muscle. This was achieved by flooding the birds with a large 
quantity of a nonisotopic amino acid at a time when the corre- 
sponding labeled compound was being rapidly utilized for protein 
synthesis. Under these conditions of great isotopic dilution, it 
would be expected that myofibrils would not increase significantly 
in C™ concentration if they were dependent upon a supply of 
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TaBLeE II 
KCl fractionation of valine-C'4-labeled myofibrils 


A portion of the myofibrils from the 7} hour experiment of Fig. 
3 was used. 
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Fig. 4. Interruption of labeled valine incorporation into mus- 
cle cell fractions by massive injections of nonlabeled valine. 
Twelve birds (125 to 130 g body weight) were each injected at 
zero time with 14 umoles of valine-C" (0.3 uc per umole) per 100 g. 
After 0.75 hours, four birds were killed. At this same time, one- 
half of the remaining birds were injected with 1.7 mmoles of L- 
valine (solid symbols) and the other half with 50 mg of NaCl plus 
100 mg of glucose per 100 g (open symbols). Two chicks of each 
series were subsequently killed at the indicated times. 


free amino acids. Conversely, if a subsequent rise in radioactiv- 
ity did occur, this would imply a transfer of bound amino acids 
(possibly labeled protein) from microsomes or mitochondria to 
myofibrils. 

Fig. 4 gives the results of such an experiment. A group of 
twelve chicks was injected with pt-valine-C™; ? hour later four 
of these birds were killed, and their pectoral muscles pooled for 
analysis. This served to establish accurately the radioactivity 
levels in muscle protein fractions at this time interval. Also at 
this same time (? hour after the initial injections), one-half of 
the remaining birds each received an injection of t-valine that 
was about 240-fold greater than the quantity of L-valine-C™ in 
the labeled compound. The other half were injected with an 
equivalent quantity of glucose-saline.2 It may be seen that no 
significant change in C“ concentration occurred in mitochondrial 
and microsomal proteins at 1 and 2 hours after the massive 
administration of t-valine. By contrast, the corresponding con- 
trol birds did show further rises, as in previous experiments. In 
the case of myofibrils, the large dose of L-valine reduced the rate 


2 It was felt that this type of control was less complicated, from 
the standpoint of interpretation, than the administration of 
amino acids other than valine. In no case was there evidence of 
injury or toxicity from the large dosages, but the fluids were only 
partly absorbed from the peritoneal cavity, even after the addi- 
tional 2-hour interval. 
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of labeling only slightly (if at all), as compared to the glucose. 
saline control chicks. The results suggest that the myofibrils 
continued to receive radioactive valine in a conjugated form 
after the supply of free valine-C was rendered ineffective by 
isotope dilution. If a transfer of protein from particulate frac. 
tions occurred, it must have been extensive in magnitude to 
account for the observed rise in specific radioactivity of the much 
more abundant myofibrillar protein. A loss in isotopic concen- 
tration in the microsomal and mitochondrial proteins might even 
have been expected, although it could be argued that such a 
decrease was masked by a continuing synthesis before the flood- 
ing dose of L-valine became effective. The use of intermediates 
such as RNA-bound amino acids cannot be easily invoked to 
explain the results, unless there were evidence that these con- 
jugates were utilized preferentially by myofibrils. 

As already mentioned, the labeling of muscle nuclei was not 
determined, so that the possibility cannot be excluded that 
myofibrillar protein was also derived from this source. 

The slight difference in slopes between the two branches of the 
myofibril curve in Fig. 4 (if valid) does imply that protein syn- 
thesis can occur to some extent within the myofibrillar structure, 
and the suggestion has been recently made (11) that the ribo- 
nucleic acid component may govern this process. Accordingly, 
it was of interest to examine an RNA-protein fraction of a deoxy- 
cholate extract of labeled myofibrils, separated by ultracentrif- 
ugation. Myofibrils from the 1.75 hour experiment in Fig. 4 
were treated as described in ‘Experimental.’ The 110,000-g 
pellet represented less than one-half of the initial RNA, and 
only a minor fraction of the total protein of the myofibrils. The 
RNA comprised only 14.3% of the nucleoprotein, whereas the 
purer chromatographic preparation of Perry and Zydowo (3) had 
50% RNA. However, the present material had a specific activ- 
ity of 0.39 wmoles of valine-C™ per g of protein, a value almost 
4 times higher than that of the corresponding original myofibrils. 

It seems likely from the fractionations with KCl buffer and 
with deoxycholate that, even in relatively short time intervals, 
the labeled amino acids were incorporated into all the different 
protein species of the myofibrils. It is not clear whether this 
process reflects the formation of new myofibrils, or primarily an 
elongation or thickening of existing ones in the fiber bundles. 
It is generally considered that the granules are in intimate contact 
with the myofibrils; although the former constitute only a small 
part of the muscle cell substance, they still may supply a con- 
siderable proportion of the matrix proteins of myofibrils, as well 
as the sarcoplasmic enzymes, in the growing anima]. 

The exact location of the ribonucleoprotein in relation to the 
myofibrillar structure is not known (3), and although its per- 
centage is small, its metabolic activity may be of importance. 
Further experiments in vitro may contribute toward a better 
understanding of the role of myofibrils in relation to protein 
synthesis in muscle. 


SUMMARY 


The rates of incorporation of labeled adenine into RNA, and 
of C-labeled amino acids into the protein of skeleta] muscle cell 
fractions in the chick, were determined under various conditions. 
The results supported the view that a considerable proportion of 
the myofibrillar proteins were derived from the mitochondria and 
microsomes. However, the possibility that myofibrils them- 
selves participated in protein synthesis was not excluded. In 
this connection, a nucleoprotein fraction separated from valine- 
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(“labeled myofibrils was shown to have an augmented concen- 
tration of isotopic amino acid. 


Acknowledgment—The aid of Dr. D. Danon in electron micro- 


scopic examination of cytological fractions of muscle is appre- 
ciated. 


wore 


> ore oo 


REFERENCES 


. Moscona, A., Exptl. Cell Research, 9, 377 (1955). 

. McLean, J. R., Coun, G. L., Branpt, I. K., anp Simpson, 
M. V., J. Biol. Chem., 238, 657 (1958). 

. Perry, 8. V., anp Zypowo, M., Biochem. J., 72, 682 (1959). 

PapiEv, P., Bull. Soc. Chim. Biol., 41, 57 (1959). 

. VeticK, 8., Biochim. et Biophys. Acta, 20, 228 (1956). 

CHAPPELL, J. B., anp Perry, S. V., Nature (London), 173, 

1094 (1954). 

. SCHNEIDER, W. C., in F. F. Norp (Editor), Advances in enzy- 
mology, Vol. 21, Interscience Publishers, New York, 1959, 
p.1 


8. ERNSTER, L., Ixxos, D., anp Lurt, R., Nature (London), 184, 


1851 (1959). 


R. E. Winnick and T. Winnick 


9. 
10. 
po 
12. 
13. 


14. 
15. 


16. 
17. 
18. 
19. 
20. 


21. 


2661 


Perry, 8. V., anp Grey, T. C., Biochem. J., 64, 184 (1956). 

Perry, 8. V., Biochem. J., 51, 495 (1952). 

Perry, 8S. V., anp Zypowo, M., Biochem. J., 71, 220 (1959). 

Brown, G. B., Cold Spring Harbor symposia on quantitative 
biology, Vol. 18, Biological Laboratory, New York, 1948, 
p. 43. 

LorrFiELD, R. B., anp E1ener, E. A., J. Biol. Chem., 231, 
925 (1958). 

Drury, H. F., Arch. Biochem., 19, 455 (1948). 

DeDexin-GRENSON, M., anp DeDextn, R. H., Biochim. et 
Biophys. Acta, $1, 195 (1959). 

Wess, J. M., anp Levy, H. B., J. Biol. Chem., 218, 107 (1955). 

Rosinson, D. S., Biochem. J., 62, 628 (1952). 

Simpson, M. V., anp McLean, J. R., Biochim. et Biophys. 
Acta, 18, 573 (1955). 

Kitryakara, A., AND Harman, J. W., J. Expil. Med., 97, 553 
(1953). 

LITTLEFIELD, J. W., KELLER, E. B., Gross, J., AND ZAMECNIK, 
P. C., J. Biol. Chem., 217, 111 (1955). 

SreKEvitz, P., aNnD Pauapg, G. E., J. Biophys. Biochem. Cy- 
tol., 5, 1 (1959). 


. Boaraava, P. M., Stmxin, J. L., anp Work, T. 8., Biochem. 


J., 68, 265 (1958). 








Tue Journat or BioLtocica, CHEMISTRY 
Vol. 235, No. 9, September 1960 
Printed in U.S.A. 


The Mechanism of p-Hydroxyphenylpyruvate Accumulation 
in Guinea Pigs Fed Tyrosine* 


W. EvGene Knox anp M. N. D. Goswami 


From the Department of Biological Chemistry, Harvard Medical School, and the New England Deaconess 
Hospital, Boston, Massachusetts 


(Received for publication, March 18, 1960) 


The feeding of L-tyrosine to premature infants and to scorbutic 
guinea pigs, monkeys, and men causes excretion of p-hydroxy- 
phenylpyruvic acid. This can be prevented by the administra- 
tion of ascorbic acid (1-8). Yet the crude HPP" oxidase prepa- 
rations from the livers of normal and scorbutic guinea pigs, 
depending on the conditions of the assay, are active without the 
addition of ascorbic acid or do not differ in their requirements 
for such an activator. The accumulation of HPP therefore can- 
not be explained simply by the participation of the vitamin as 
a coenzyme in the reaction which degrades HPP in the body. 
The administered tyrosine must consequently play a role in 
producing the metabolic derangements which result in HPP ac- 
cumulation (9). We have suggested that tyrosine administration 
might cause the reaction inactivation of HPP oxidase in vivo 
which is known to occur in vitro and which is antagonized by 
ascorbic acid and 2,6-dichlorophenolindophenol (10). 

The effect of administered tyrosine on the levels of the liver 
enzymes which form and remove HPP was therefore determined. 
The feeding of tyrosine both to normal guinea pigs who had not 
been given excess ascorbic acid and to scorbutic guinea pigs re- 
sulted in the excretion of HPP. The tyrosine administration 
also changed sufficiently the levels of the enzymes forming and 
removing HPP to account for the observed HPP accumulation! 
The presence of these enzyme changes could be correlated with 
the excretion of HPP in the tyrosine-fed guinea pigs when as- 
corbic acid or DPI was given or withheld. Similar changes in 
the relative levels of enzymes acting to form and to remove a 
metabolite have accounted for the accumulation and excretion 
of homogentisate in experimental alkaptonuria (11) and for 
kynurenine in pyridoxine deficiency (12). The predominant 
enzyme change in the present instance appears to be an inhibi- 
tion of the HPP oxidase in vivo of the kind known to occur in 
vitro. 

EXPERIMENTAL PROCEDURE 


HPP is formed in animal tissues primarily by the tyrosine-a- 
ketoglutarate transaminase (Reaction 1), and removed by the 
HPP oxidase (Reaction 2) (13). 


L-Tyrosine + a-ketoglutarate = 
p-hydroxyphenylpyruvate + u-glutamate (1) 
p-Hydroxyphenylpyruvate + O2 = homogentisate + CO. (2) 


* This investigation was supported by United States Public 
Health Service Grant A567 and by United States Atomic Energy 
Commission Contract No. AT(30-1)-901 with the New England 
Deaconess Hospital. 

1 Abbreviations used are: HPP, p-hydroxyphenylpyruvate; 
DPI, 2,6-dichlorophenolindophenol. 





A second transaminase for tyrosine-pyruvate was one-sixth as 
active as the a-ketoglutarate specific enzyme in guinea pig liver 
(14) and was neglected in this study. The major tyrosine trans- 
aminase and the oxidase were localized almost wholly in the liver, 
with only small activities present in other tissues (15). The 
total activity of these enzymes in liver therefore indicated the 
potentiality of the whole animal to carry on these two reactions, 
and the ratio of the two reactions could be compared with the 
excretion of HPP by tyrosine-fed animals. 

Animals—Male guinea pigs that weighed approximately 200 
to 400 g were used. The control animals were fed Purina chow 
ad libitum and abundant green lettuce twice a week. The scor- 
butic animals received a similar diet without ascorbic acid? or 
greens for 7 to 10 days, at which time failure of weight gain 
occurred. t-Tyrosine was given orally in doses of 2.7 mmoles. 
It was suspended in a small volume of water and administered 
dropwise from a syringe through a hole in a wooden spatula held 
between the jaws of the animal. Other compounds were injected 
intraperitoneally: DPI, L-ascorbic acid immediately after neu- 
tralizing the fresh solution with dilute NaOH, and hydrocortisone 
as the sodium succinate derivative (SoluCortef, Upjohn). 

Urine for measurement of HPP was collected from individual 
animals into 3 ml of 2N H,SO,. To this were added the washings 
of the collecting funnels at the end of the collection period, and 
in 5-hour collections, the residual bladder urine. 

HPP Determination—HPP in urine was measured spectro- 
photometrically at 310 mu by the difference spectrum in the 
borate-arsenate procedure (16). One umole of HPP in the 3.5 
ml system gave a difference of 3.5 in the optical densities of the 
borate-arsenate and the arsenate solutions. The identity of the 
HPP was substantiated by the shape of its absorption curve in 
borate and by paper chromatography of ether extracts of the 
urine (16). 

Enzyme Assay—Individual livers were assayed under condi- 
tions in which activity was proportional to the amount of enzyme 
present. The livers were immediately removed from the decap- 
itated animals, chilled in cracked ice, and homogenized with 
three volumes of cold 0.066 m phosphate buffer, pH 7.0, in a 
cold, metal Waring Blendor. The supernatant fraction after 
30 minutes of centrifugation at 100,000 x g in a refrigerated 
Spinco model L ultracentrifuge was used for the enzyme assays. 
Assays were done as soon as possible and always on the same 
day. 


2 Vitamin C-deficient diet obtained from Nutritional Biochemi- 
cals Corporation, Cleveland, Ohio, and made according to the 
specifications of Woodruff et al. (21). 
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W. E. Knox and M. N. D. Goswami 


TABLE I 
Effect of tyrosine and hydrocortisone administration on p-hydroxyphenylpyruvate (HPP) excretion and on liver tyrosine 
a-ketoglutarate transaminase and p-hydrozyphenylpyruvate oxidase activities of normal guinea pigs 
Animals were given 2.7 mmoles of L-tyrosine and 10 mg of hydrocortisone daily for 1 week and the urine was collected the last 3 


days. 


The second of the two weekly feedings of greens was omitted. Individual livers were assayed 4 to 8 hours after the last dosage. 


Activities are the mean A ymoles of HPP + s.e.* (*/ Zd?/n(n — 1)) per hour for 1 ml of 25% liver homogenate and for the whole liver. 
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*s.e. = standard error. 


Tyrosine transaminase and HPP oxidase were assayed spectro- 
photometrically by the enol-borate-tautomerase method in 0.5 
ml of the supernatant fraction under the conditions previously 
described (16). The reaction temperature was 25 + 1°. The 
increase (transaminase) or decrease (HPP oxidase) in the enol- 


borate form of HPP was measured at 310 mu by continuous re- 
aly 200 | 


cording of the optical density in a Beckman model DK spectro- 
photometer. The reaction rates were proportional to the enzyme 
concentration and followed zero order kinetics for at least 2 
minutes (HPP oxidase) and 10 minutes (transaminase). The 
formation or disappearance of 1.0 wmole of HPP in the 3.5 ml 
reaction mixture corresponded to a change in optical density of 
2.8. Enzyme activities were expressed as the initial rates of 
formation or degradation of HPP in umoles per ml of 25% homog- 
enate of liver in 1 hour. 


RESULTS 


Effect of 1-Tyrosine Feeding on Enzyme Levels in Normal and 
Scorbutic Animals—In a preliminary experiment L-tyrosine was 
fed daily to normal guinea pigs for 1 week and urine collected 
during the last 3 days of the period, a schedule similar to that 
commonly used to demonstrate HPP excretion in scorbutic 
guinea pigs. Other groups of normal guinea pigs received 10 
mg of hydrocortisone or tyrosine plus hydrocortisone daily in an 
attempt to mimic some of the effects of physiological stress. 
The animals were killed 4 to 8 hours after the last treatment. 
The tyrosine-fed animals excreted HPP, and their livers showed 
a marked decrease in HPP oxidase activity (Table 1). The liver 
tyrosine transaminase activity was approximately doubled. The 
effects were not different with hydrocortisone plus tyrosine. 
Hydrocortisone alone produced changes of the two enzymes that 
were similar but less marked than with tyrosine. This suggested 
that stimulation of adrenal secretion played a small role in the 
effect of tyrosine feeding. The various treatments altered the 
liver weights of the animals only slightly and in such a way that 
the relative total liver activities of the enzymes showed at least 
as much change as the specific activities. In consequence of 
the opposite direction of the enzyme changes, the ratio of trans- 
aminase to oxidase activity rose markedly when tyrosine was 
fed. This situation would favor HPP accumulation. 

Fig. 1 shows the time course of the enzyme changes in normal 
animals killed at intervals after a single dose of L-tyrosine. Both 
the moderate rise of transaminase activity and the more marked 
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Fig. 1. Time sequence of activity changes in vivo of liver tyro- 
sine-a-ketoglutarate transaminase (O——O) and HPP oxidase 
(<x——-X) after an oral dose of 2.7 mmoles of L-tyrosine to normal 
guinea pigs. Enzyme activities are A wymoles of HPP in 1 hour 
per ml of 25% liver homogenate. Each point is the average from 
two animals. 


HOURS AFTER TYROSINE 


fall of HPP oxidase activity occurred in 2 hours and were still 
evident after 24 hours. In other experiments different doses of 
tyrosine were given and the levels of HPP oxidase determined 
5 hours later. With half the standard dose (1.3 mmoles) the 
enzyme level was 80% of normal. With twice the standard dose 
(5.4 mmoles) the level was 18% of normal and not significantly 
different from the level after the standard dose of 2.7 mmoles of 
tyrosine. The remaining studies were made 5 hours after ad- 
ministration of the standard tyrosine dose. 

The enzyme changes characteristic of early scurvy (7 to 10 
days) are given in Table II to demonstrate that tyrosine admin- 
istration produced in 5 hours the same type of enzyme imbalance 
leading to HPP accumulation as in the normal animals. The 
deficiency alone raised the level of tyrosine transaminase. Ty- 
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TaBLeE II 
Effect of tyrosine on liver enzyme activities and excretion of p-hydroxyphenylpyruvic acid by scorbutic guinea pigs 


Animals were used during their second week on a scorbutogenic diet. 


of 2.7 mmoles of L-tyrosine. 


The enzyme assays were done 5 hours after the single doge 


The activities are A ymoles of HPP in 1 hour per ml of 25% liver homogenate or per liver, given as the 
mean + s.e.* for the normal controls, and as individual values and means for the scorbutic animals. 


The excretion of HPP was meas- 


ures in other animals during the 24 hours after tyrosine administration. 











Tyrosine transaminase HPP oxidase ‘ P 
Treatment pes hd Tyrosine transaminase HPP excreted 
Per ml Per liver Per ml Per liver 
umoles/day 
Normal 6 2.1 + 0.23 137 + 25 7.5 + 0.56 499 + 61 0.3 + 0.04 0 
Scorbutic 1 6.9 304 7.3 323 0.9 0 
1 3.8 126 8.0 269 0.5 0 
1 6.3 567 6.9 624 0.9 0 
Mean 5.7 332 7.4 405 0.76 0 
Scorbutic plus tyro- 1 4.2 143 (900) 
sine 
1 13.8 561 2.3 92 6.0 (583 ) 
1 11.3 466 1.9 78 6.0 (605) 
Mean 12.6 514 2.8 104 6.0 (696) 


























*s.e. = standard error. 


rosine administration to the deficient animals further elevated 
the transaminase and depressed the HPP oxidase activity. The 
transaminase to oxidase ratio was consequently elevated twice 
as much asin the treated normal animals, and HPP was excreted 
in amounts approximately twice those observed in the normal 
guinea pigs under the same conditions (Table I). Ascorbic acid 
administration (not shown) reversed all the enzyme changes and 
stopped the excretion of HPP after tyrosine was fed. When 
scurvy was continued for a longer time, a more complex physio- 
logical state developed with additional changes in enzyme activ- 
ities and HPP excretion. In part, these were due to the re- 
stricted food intake of the deficient animals and could be matched 
by starvation. Further analyses of the enzyme changes in late 
scurvy and their correlation with HPP excretion will not be 
attempted at this time because the main phenomenon of HPP 
accumulation occurred in a less complicated form in normal 
guinea pigs. 

The effect of ascorbic acid and DPI administration on the 
enzyme changes and the associated excretion of HPP 5 hours 
after feeding tyrosine to normal guinea pigs is shown in Table 
III. Ascorbic acid given before the tyrosine eliminated the 
depression of HPP oxidase and the excretion of HPP. Ascorbic 
acid given 2 hours after the tyrosine (when the enzyme level was 
fully depressed, cf. Fig. 1) and 3 hours before killing the animals, 
also produced a nearly normal enzyme level with little HPP ex- 
cretion. Ascorbic acid given 4} hours after the tyrosine and 
3 hour before the animals were killed only slightly raised the 
enzyme level and slightly decreased HPP excretion. Ascorbic 
acid could therefore prevent and restore the depressed level of 
HPP oxidase, but it appeared that more than 4 hour was neces- 
sary for restoration of the enzyme. 

A small dose of DPI given before the tyrosine was completely 
effective in five of seven animals in preventing the depression of 
HPP oxidase, and effective in decreasing the excretion of HPP 
(Table III). These effects of DPI were statistically significant. 

The moderate rise in tyrosine transaminase after tyrosine 


feeding was not significantly affected by the administration of 
ascorbic acid or DPI. 

Reactivation of HPP Oxidase in Vitro from Tyrosine-fed Guinea 
Pigs—The nature of the changes in activity of the two enzymes 
that led to HPP excretion remains to be defined. The rise in 
tyrosine transaminase activity after feeding tyrosine is consist- 
ent with the known adaptive behavior of this enzyme (see “‘Dis- 
cussion’). The fall in HPP oxidase activity bore a number of 
resemblances to the reaction inactivation in vitro antagonized by 
DPI or ascorbic acid that was described before (10), and also to 
the inhibition in vivo of the enzyme in scorbutic guinea pigs 
given injections with HPP. The latter inhibition was reversed 
in vitro by the simple addition of DPI and GSH to the assay 
system (17). A related phenomenon, also antagonized by DPI, 
was the production of an inhibitor of the enzyme during incuba- 
tion in vitro of HPP with HPP oxidase described by Zannoni 
and La Du (18). 

No dissociable inhibitor of HPP oxidase could be demonstrated 
in enzyme preparations from tyrosine-fed guinea pigs by its 
assay in combination with normal enzyme (Table IV). The 
combined activities were not less than the activities of the two 
kinds of enzyme measured separately. 

The partial reactivation of the enzyme from tyrosine-fed guinea 
pigs, which provided evidence for inactivation instead of loss of 
enzyme, was achieved only by more stringent treatment with 
DPI than was necessary in earlier studies. The simple addition 
of DPI and GSH to the spectrophotometric assay, which does 
not normally require these additions for full activity in our hands 
(10), did not raise the activity of the enzyme from tyrosine-fed 
animals. The same relatively low activity from tyrosine-fed 
animals persisted in the manometric assay, which does require 
DPI and GSH for full activity (10). Reactivation, on the 
average to 70% of the activity of normal animals, was achieved 
only by a preliminary incubation of the enzyme from tyrosine- 
fed animals with DPI and GSH at 37° for 15 to 20 minutes 
(Table V). Ascorbic acid was less effective than DPI in this 
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TaBLe III 
Liver enzyme activities and HPP excretion of tyrosine-fed guinea pigs given ascorbic acid or 2,6-dichlorophenolindophenol (DP1) 


Animals were killed 5 hours after the tyrosine treatment (2.7 mmoles at ‘‘—5 hrs’’). 


Ascorbic acid or DPI was injected 1 hour be- 


fore (‘‘—6 hrs’”’) or after (‘‘—3 hrs’’ and “‘—4 hr’’) tyrosine as indicated. All urine including residual bladder urine was collected 
during the 5 hours. Activities are expressed as mean A wmoles of HPP reacted in 1 hour +s.e.* for 1 ml of 25% liver homogenate and 


for the whole liver. 














Time of treatment Tyrosine transaminase HPP oxidase “ 
No. of ba on HPP excreted 
Tyrosine | Ascorbic acid (or DPI) Per ml Per liver Per ml Per liver HPP oxidase 
pmoles/5 hrs 
None None 12 2.8 + 0.14 126 + 16 10.7 + 1.4 479 + 58 0.26 + 0.03 0 
—5 hrs None 5 6.4 + 0.38 261 + 10 1.7 + 0.17 68 + 6 3.7 + 0.32 177 + 16 
—5 hrs —6 hrs 7 5.4 + 0.77 108 + 16 11.3 + 1.0 222 + 34 0.48 + 0.09 0.7 
5 to 100 mgt 
—5 hrs —3 hrs 2 6.4 227 11.9 421 0.53 61 
100 mg 
—5 hrs —3hr 2 4.5 182 3.6 148 1.2 133 
100 mg 
—5 hrs —6 hrs 5t 3.8 + 0.8 149 + 27 10.9 + 1.2 442 + 54 0.4 + 0.13 1 
(DPI, 0.15 mg, no 
ascorbic acid) 





























*s.e. = standard error. 
+ 100, 50, and 5 mg doses each to two animals. 
(5 pmoles). 


In only one animal (who received 5 mg of ascorbic acid) there was HPP in the urine 


t Two additional animals tested showed definite depression of HPP oxidase after tyrosine administration despite DPI. These have 


been omitted from the means because of inhomogeneity. 


If included, the mean HPP oxidase activity and mean HPP excreted of the 


whole group were still highly significantly different from those of the group receiving tyrosine alone. 


TaBLe IV 
Activity of combinations of p-hydroxyphenylpyruvate oxidase 
preparations from untreated and tyrosine-fed guinea pigs 











Proportions Assayed Activity 
Untreated Tyrosine-fed Found Expected 
pmoles reacted/ml/hr 
1 0 12.0 
0 1 1.5 
1 1 7.4 6.7 
2 3 6.3 5.7 











reactivation. The treatment did not regularly affect the activ- 
ity of enzyme from normal animals. The reactivation of enzyme 
from tyrosine treated and not from normal guinea pigs demon- 
strated that the activity depression of HPP oxidase was not an 
artifact of the assay used and was not an irreversible loss of 
enzyme. The enzyme is apparently inactivated in vivo after 
tyrosine administration as it is in vitro by HPP, and it can be 
reactivated or protected in both circumstances by DPI. The 
molecular explanation of this phenomenon is not now available. 


DISCUSSION 


The excretion of HPP by apparently normal guinea pigs fed 
tyrosine has been observed before, on the first day that ascorbic 
acid was withdrawn from the diet (19). The excretion was in- 
creased in amount as scurvy developed, but it would appear that 
this excretion was related to scurvy only in the sense that ascorbic 
acid eliminated the excretion in normal as well as scorbutic 
guinea pigs. Since DPI also prevented HPP excretion (Table 
III), the accumulation of the metabolite by guinea pigs appears 
to be a consequence of tyrosine administration in the absence of 


TaBLe V 
Reactivation in vitro of HPP oxidase from 
tyrosine-fed guinea pigs 

Enzyme preparations from normal animals and animals fed 2.7 
mmoles of tyrosine 5 hours earlier were assayed in the usual way 
with and without a pretreatment which consisted of aerobic in- 
cubation for 15 to 20 minutes at 37° of 1.5 ml of 25% liver homogen- 
ate with 300 ug of DPI, 45 umoles of freshly neutralized GSH, and 
0.9 ml of 0.04 m phosphate buffer, pH 7.0. Activities are A uzmoles 
of HPP per ml of 25% homogenate inl hour. The difference be- 
tween the means for the tyrosine-fed animals is statistically highly 
significant. 














Normal animals Tyrosine fed animals 
Standard assay Pretreated | Standard assay| Pretreated 
1. 13.0 14.2 3.5 6.3 
2. 10.2 10.2 2.9 6.3 
3. 8.0 7.0 4.8 8.0 
4. 8.4 6.9 3.1 5.7 
5. 5.5 7.6 2.9 6.3 
6. 3.1 6.3 
: 2.5 5.5 
Mean + 9.02 + 1.2 | 9.08 + 1.4] 3.26 + 0.3) 6.33 + 0.3 
“6° 














*s.e. = standard error. 


excess ascorbic acid instead of a consequence of scurvy. Since 
the excretion of HPP by premature infants also followed high 
protein diets or administration of tyrosine or phenylalanine, the 
same view may be taken of the HPP excretion in the infants. 

Tyrosine administration caused excretion of HPP in normal 
and scorbutic guinea pigs by altering the activity of enzymes in 
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liver which formed and removed this metabolite. A causal re- 
lationship between the altered activities of the enzymes and the 
accumulation of HPP is supported by the detailed correlation 
between these two phenomena. The enzyme changes are ap- 
propriate, since the reaction forming HPP was doubled and that 
removing HPP was decreased to one-fifth. The relative enzyme 
activity changes were specifically prevented or reversed in vivo 
by injections of ascorbic acid or DPI, and these injections at the 
same time eliminated the excretion of HPP. The ratio of the 
transaminase to oxidase was higher in the animals that excreted 
more HPP (compare Table I and Table III). The magnitude 
of the changes in enzyme activities was also quantitatively ade- 
quate to account for the HPP excreted. After tyrosine treat- 
ment (Table III) there was an excess of tyrosine transaminase 
activity over HPP oxidase activity per liver amounting to a 
potential accumulation under in vitro conditions of 193 umoles of 
HPP per hour in each animal. Since nearly this amount of HPP 
was excreted per animal in 5 hours, about one-fifth of the poten- 
tial accumulation according to in vitro assays was accumulated 
in vivo and was excreted. 

Tyrosine administration apparently altered the activity of the 
two enzymes in different ways. The 2-fold increase in the tyro- 
sine-a-ketoglutarate transaminase followed a single large oral 
dose of tyrosine or an injection of hydrocortisone. This response 
was not changed by ascorbic acid or DPI administration. In 
the rat, injections of tyrosine or hydrocortisone induced 8- to 
10-fold increases in the tyrosine-a-ketoglutarate transaminase 
that lasted less than 12 hours (15, 20). The response of the 
enzyme in the guinea pig appeared to be a similar adaptive 
change, differing from that in the rat only in the smallness of 
the increase after induction and the persistence of the elevation 
for at least 24 hours. Presumably the increase of transaminase 
represented an increase in the amount of enzyme present. 

The larger enzyme change produced by tyrosine administra- 
tion, and the major reason for HPP accumulation, was the de- 
pression of HPP oxidase activity to as little as one-fifth of its 
usual level. This enzyme can be inactivated in vitro under 
certain conditions by its substrate, and ascorbic acid or DPI 
prevent the inactivation as well as reactivate the enzyme. The 
depression of the activity in vivo by excess tyrosine and the 
prevention of the loss, and reactivation, by ascorbic acid and 
DPI in vivo are therefore suggestive of a similar type of inhibition 
in vivo as occurs in vitro. Zannoni and La Du demonstrated such 
an inhibition in vivo by injections of HPP to scorbutic guinea 
pigs (17), with reactivation in vitro by simple addition of DPI 
and GSH. Here the tyrosine-depressed activity of HPP oxidase 
has been correlated with HPP excretion and shown to be a simi- 
lar type of inactivation, since the enzyme could also be partially 
reactivated by treatment in vitro with DPI and protected in 
vivo by DPI. The loss of HPP oxidase activity caused by tyro- 
sine administration therefore represents a reversible inactivation 
in vivo and not a changed amount of enzyme protein. 

The reaction inactivation or inhibition of HPP oxidase which 
has been observed in vitro and which was prevented and re- 
versed by DPI and ascorbic acid therefore has its counterpart 
in vivo. The explanation for this behavior of HPP is still lack- 
ing, as are minor differences in the reactivation of the enzyme 
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in different studies. The reason for the inactivation of the 
enzyme is now of additional interest because it causes a derange- 
ment in vivo of tyrosine metabolism long attributed to scurvy, 


SUMMARY 


1. Both normal and scorbutic guinea pigs excreted p-hydroxy- 
phenylpyruvate (HPP) after a dose of L-tyrosine. The accumu- 
lation of HPP resulted from a doubling of the activity of liver 
tyrosine-a-ketoglutarate transaminase, which formed HPP, and 
a reduction to one-fifth of the activity of liver HPP oxidase, 
which degraded HPP. 

2. The HPP oxidase activity change and the excretion of HPP 
were prevented by administration of ascorbic acid or 2 ,6-dichlo- 
rophenolindophenol (DPI) and when established were reversed 
by ascorbic acid. 

3. The increase in tyrosine transaminase activity was similar 
to the induction of this enzyme by its substrate or hydrocortisone. 

4. The decrease in HPP oxidase activity was similar to the 
inhibition of enzyme by its substrate which occurs in vitro in 
the absence of ascorbic acid or DPI. Like the enzyme in vitro, 
the enzyme of tyrosine-treated guinea pigs was protected in vivo 
and partially reactivated in vitro by DPI. 
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Tyrosyluria, the excretion of p-hydroxyphenyl metabolites of 
tyrosine, such as p-hydroxyphenylpyruvic acid and p-hydroxy- 
phenyllactic acid, occurs after the administration of tyrosine to 
scorbutic guinea pigs (1, 2), scorbutic man (3, 4), and to pre- 
mature infants (5). A persistent tyrosyluria consisting mainly 
of p-hydroxyphenylpyruvic acid was also present in the unique 
case of tyrosinosis reported by Medes (6). 

Earlier studies in vitro have shown that p-hydroxyphenylpy- 
ruvic acid oxidase has an unusual susceptibility to inhibition by 
high concentrations of its substrate (7-9). Recently it has been 
demonstrated that p-hydroxyphenylpyruvic acid injected intra- 
peritoneally inhibits p-hydroxyphenylpyruvic acid oxidase in 
scorbutic guinea pigs. In contrast, animals which received ade- 
quate amounts of vitamin C were completely protected from 
this inhibition (10). 

In view of these findings, it was of interest to determine 
whether the tyrosyluria subsequent to the feeding of large 
amounts of tyrosine to vitamin C-deficient animals was due to an 


| inhibition of this oxidase through the formation of the correspond- 


ing a-keto acid. 


EXPERIMENTAL PROCEDURE 


Materials—p-Hydroxyphenylpyruvic acid was obtained from 


} the H. M. Chemical Company, Ltd. 2,6-Dichlorophenolindo- 


phenol was purchased from Eastman Organic Chemicals Depart- 
ment, Eastman Kodak Company. Glutathione, L-tyrosine, a- 
ketoglutaric acid, pyridoxal-5-phosphate, and p-glucoascorbic 
acid were commercial preparations from the Nutritional Bio- 
chemicals Corporation. p-Isoascorbic acid was purchased from 
Hoffmann-La Roche, Inc. t-Ascorbie acid was obtained from 
Merck and Company, Inc. Homogentisic acid was purchased 
from the Cyclo Chemical Corporation. pL-p-Hydroxypheny]- 
lactic acid was generously supplied by Dr. H. J. Cahnmann. 
Animals—Male, albino guinea pigs, weighing approximately 
200 g, were placed on a vitamin C-free diet prepared as described 
by Woodruff et al. (11).1_ Control groups were given the same 
diet supplemented orally with 25 mg per day of L-ascorbic acid. 
After 1 week, the animals on the vitamin C-free diet were still 
gaining weight and showed no signs of scurvy, and the concen- 
tration of ascorbic acid in the liver was approximately 3.0 mg/100 
g wet weight of liver. Animals on the vitamin C-free diet for 2 


' Obtained from Nutritional Biochemicals Corporation. 


weeks developed the typical signs of scurvy: weight loss, swollen 
joints, and hemorrhages in the knee joints. At this time the 
concentration of ascorbic acid in the liver had fallen to less than 
1.0 mg/100 g wet weight of liver. 

Preparation of Liver Homogenate—At the time of death, the 
livers were removed and a 33% homogenate was prepared. 
Liver (5 g) was homogenized with 10 ml of 0.2 m sodium phos- 
phate buffer, pH 6.5, in a Potter-Elvehjem type glass homogeni- 
zer at 5°. The homogenate was centrifuged at 10,000 x g for 
10 minutes and the resulting supernatant fraction was used in 
the experiments described below. Homogenates of kidney were 
prepared in a similar way. 

Liver Ascorbic Acid Determination—Liver (1 g) was homoge- 
nized with 12.5 ml of 4% trichloroacetic acid at 5°. After cen- 
trifugation, suitable aliquots of the deproteinized supernatant 
fraction were taken for the determination of ascorbic acid ac- 
cording to the method of Roe et al. (12). 

Determination of Tyrosine and p-Hydroxyphenylpyruvic Acid in 
Plasma and Urine—Plasma from heparinized blood samples was 
deproteinized by the addition of an equal volume of 7% per- 
chloric acid. The protein-free, supernatant fraction was neu- 
tralized with 14% KOH and the resulting perchlorate removed 
by centrifugation. The supernatant fraction was then analyzed 
for tyrosine by the method of La Du and Michael (13) and for 
p-hydroxyphenylpyruvic acid by the same method with the 
snake venom L-amino acid oxidase omitted. Dilute neutralized 
urine was analyzed for tyrosine and p-hydroxyphenylpyruvic acid 
directly. 

' Determination of p-Hydroxyphenyllactic Acid in Urine—Acidi- 
fied urine was extracted twice with 10 times its volume of acidi- 
fied, washed, peroxide-free ether. The pooled ether extracts 
were evaporated at room temperature with a stream of air in 
the presence of 1.0 ml of 0.2 m sodium phosphate buffer, pH 6.5. 
After the ether had been completely removed, the residual mate- 
rial was made up to either 2 or 5 ml with the phosphate buffer. 
The content of p-hydroxyphenyllactic acid in the extracts was 
determined manometrically in the presence of yeast lactic acid 
dehydrogenase (14) with methylene blue as the hydrogen ac- 
ceptor. The main compartment of the Warburg vessels con- 
tained 1.0 ml of yeast lactic acid dehydrogenase, 5 umoles of 
methylene blue, and 0.2 m sodium phosphate buffer, pH 6.5, to 
make a total volume of 2.0 ml. The side arm contained aliquots 
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Inhibition of p-Hydroxyphenylpyruvic Acid Oxidase 
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TABLE I 
Effect of feeding tyrosine on enzymes in normal and scorbutic guinea pigs 


Assay conditions. 


Tyrosine transaminase—The reaction was measured spectrophotometrically at 25° by following the appearance 
of the enol-borate complex of p-hydroxyphenylpyruvate at 310 my (16). 


p-H ydroxyphenylpyruvate oxidase and homogentisic acid ozi- 


dase—The spectrophotometric assay for p-hydroxyphenylpyruvic acid oxidase activity was carried out at 25° and the manometric 
assay of homogentisic acid oxidase activity at 37°, as previously described (10). 





Enzyme assay® 


Normal animals” 


Scorbutic animals? 





| 
| 
| 








Untreated (6)° | Treated (6) Untreated (10) Treated (10) 
pmoles of substrate oxidized /hr/g fresh liver® 
Liver 
Tyrosine transaminase 17.9+ 6.9 23.6 + 11.4 39.5 + 6.5 86.9 + 15.3 
p-Hydroxyphenylpyruvic acid oxidase 30.4+ 6.1 244.84 5.1 | 17.1+ 2.6 2.6 + 0.9 
Homogentisic acid oxidase 127 + 22.4 152 + 20.5 | 69.5 + 12.0 101.9 + 19.7 
Kidney | 
p-Hydroxyphenylpyruvic acid oxidase 6.6+ 0.9 6.3 + 1.7 | 6.8 + 1.8 11+ 0.1 











« Enzyme activities are based on initial rate of oxidation. Transaminase activity was calculated after the initial lag period. 
» Ascorbic acid levels: normal liver, 5.47 + 1.3 (mean, + standard error) mg per 100 g wet weight of liver; scorbutic liver, 1.01 + 


0.47. 
¢ Numbers in parentheses = number of animals. 
4 Standard error of the mean is given. 


of the urine extracts or standard solutions of p-hydroxypheny]l- 
lactic acid. The reaction was run at 37° with air as the gas 
phase, and oxidation was complete within 20 minutes. 

The product of this reaction was identified as p-hydroxypheny]- 
pyruvic acid and was measured manometrically (7), with purified 
p-hydroxyphenylpyruvic acid oxidase or by spectrophotometric 
determination of the enol-borate complex (15). 

Enzyme Assay Methods—Tyrosine transaminase activity was 
estimated spectrophotometrically according to the method of 
Lin and Knox (16). The homogenate was supplemented with 
a-ketoglutaric acid and pyridoxal-5-phosphate in order to insure 
optimal activity. p-Hydroxyphenylpyruvic acid oxidase was 
determined spectrophotometrically, and homogentisic acid 
oxidase was determined manometrically as previously described 
(9, 10, 17). 


RESULTS 


Effect of Feeding t-Tyrosine on Tyrosine Oxidation Enzymes 
in Scorbutic Guinea Pigs—Guinea pigs on the vitamin C-free diet 
for 2 weeks with typical signs of scurvy, and animals on the same 
diet supplemented with vitamin C, were divided into control and 
experimental groups of 6 to 10 animals. The experimental ani- 
mals were given a total of 400 mg of tyrosine suspended in 4 ml 
of water (sweetened with sucrose) by feeding 100-mg portions at 
hourly intervals for 4 hours. One hour after the last dose of 
tyrosine, the animals were killed and the liver and kidneys rapidly 
removed and chilled. Homogenates were prepared and used for 
enzymatic assays as described under the section on “Enzyme 
Assay Methods.” The activities of tyrosine transaminase, p- 
hydroxyphenylpyruvic acid oxidase, homogentisic acid oxidase 
in liver, and p-hydroxyphenylpyruvic acid oxidase in kidney are 
given in Table I. It was found that feeding tyrosine to normal 
guinea pigs had no effect on these enzymes. However, there 
was a marked decrease, over 80%, in the activity of p-hydroxy- 
phenylpyruvic acid oxidase in the liver and kidney of scorbutic 
animals fed tyrosine. The latter group also showed a significant 
increase in the activity of tyrosine transaminase. p-Hydroxy- 


phenylpyruvic acid oxidase was also lower in the scorbutic ani- 
mals not given tyrosine than in the corresponding control group. 

The amount of p-hydroxyphenylpyruvic acid and p-hydroxy- 
phenyllactic acid excreted during the 5-hour experimental period 
was determined, and the degree of tyrosyluria was proportional 
to the level of tyrosine in the plasma (Table II). It is of interest 
that at the time of death there was no detectable p-hydroxy- 
phenylpyruvic acid in the blood, even though the major tyrosyl 
metabolite in the urine was p-hydroxyphenylpyruvic acid. The 
urine also contained small amounts of p-hydroxyphenyllactic 
acid, but no detectable tyrosine. This elevation of the amino 
acid in the blood and the excretion of the corresponding a-keto 
acid resembles the biochemical findings in phenylketonuria, in 
which phenylalanine is elevated in blood and phenylpyruvic acid 
is excreted in the urine. 


TaBLe II 


Tyrosyluria after feeding tyrosine to normal and 
scorbulic guinea pigs 
The estimations of plasma tyrosine, urine p-hydroxyphenyl- 
pyruvic acid, and urine p-hydroxyphenyllactic acid were per- 
formed as described under the experimental section. Average 
values are given. 





Normal animals Scorbutic animals 





Untreated | Treated | Untreated| Treated 
(6)* (6) (10) (10) 





mg per 100 ml of plasma 











Plasma 
Tyrosine 0.5 12 1.0 73 
mg excreted in 5 hrs 
Urine 
p-Hydroxyphenylpyruvate | <0.1 0.6 | <0.1 38 
p-Hydroxyphenyllactate <0.1 <0.1 <0.1 0.4 














* Numbers in parentheses = number of animals. 
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Effect of Repeated Feeding of Tyrosine to Vitamin C-deficient 
Guinea Pigs—Further experiments were undertaken to determine 
whether guinea pigs less deficient in vitamin C, 7.e. not frankly 
scorbutic, would also be susceptible to inhibition of p-hydroxy- 
phenylpyruvic acid oxidase by feeding tyrosine. It was also 
desirable to determine whether inhibition of p-hydroxyphenyl- 
pyruvic acid oxidase, once induced, might be maintained by 
repeated small oral supplements of tyrosine. Several groups of 
guinea pigs were placed on the vitamin C-free diet for 1 week. 
At this time they were fed 400 mg of tyrosine in 100-mg portions 
at hourly intervals. Some of the animals were killed 1 hour 
after the fourth dose of tyrosine, and in all the liver p-hydroxy- 
phenylpyruvic acid oxidase activity was found to be inhibited 
over 90% (Table III). The remaining animals were continued 
on the vitamin C-free diet and were given 100 mg of tyrosine 
orally every 12 hours for the next 3 days. Groups of animals 
were then killed at 1 hour, 4 hours, and 12 hours after the last 
dose of tyrosine, and the activities of tyrosine transaminase and 
p-hydroxyphenylpyruvic acid oxidase were determined (Table 
III). Although p-hydroxyphenylpyruvic acid oxidase was 
depressed to about one half of its normal value for several hours, 
it had returned to its previous normal value by 12 hours. The 
recovery of p-hydroxyphenylpyruvic acid oxidase may represent 
newly synthesized enzyme or the reactivation of previously 
inhibited enzyme. It is of interest that under these experimental 
conditions, the level of tyrosine transaminase remained elevated 
to about 5 times its value in control animals. 

Ability of Various Compounds to Prevent Inhibition of p- 
Hydroxyphenylpyruvic Acid Oxidase In Vivo—Earlier studies on 
the inhibition of p-hydroxyphenylpyruvic acid oxidase by excess 
substrate in vitro have shown that ascorbic acid is not specifically 
required to prevent this unusual type of enzyme inhibition and 
that a number of other reducing agents are also effective. 
Among these compounds are D-ascorbic acid, p-isoascorbic acid, 
and 2,6-dichlorophenolindophenol (18, 19). It was therefore 
of interest to test the effectiveness of some of these compounds 
in vivo in preventing inhibition of p-hydroxyphenylpyruvic acid 
oxidase in vitamin C-deficient guinea pigs fed tyrosine. Groups 
of guinea pigs were placed on the vitamin C-free diet for 1 week 


TaB_e III 
Effect of prolonged feeding of L-tyrosine on liver p-hydroxyphenyl- 
pyruvic acid oxidase and tyrosine transaminase in vitamin 
C-deficient guinea pigs 

















= Liver enzyme activitiest 
Time of 
death; hrs 
eet a _ 
100 h| by, 100 mg canta p-Hydroxyphenyl- Tyrosine 
| hr fore as daily for tyrosine pyruvate oxidase transaminase 
3 days 
ae, pmoles of substrate oxidized/hr/g fresh liver 
~ oe _ 29 13 
+ ~ 1 3 24 
+ + 1 12 59 
+ + 4 11 55 
+ + 12 26 63 

















* The regimen followed in administering tyrosine orally is de- 
scribed in the text. 

t Assays for tyrosine transaminase and p-hydroxyphenylpyru- 
vic acid oxidase were as described under Table I. The values 
given represent the average of 4 animals in each group. 
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Tasie IV 
Protection of p-hydroxyphenylpyruvic acid oxidase in 
vivo by various compounds: * 

The animals were fed 100 mg of L-tyrosine each hour for 4 hours 
and killed 1 hour after the last dose of tyrosine. The compounds 
tested were injected intraperitoneally as follows: 10 mg, 30 min- 
utes before the first tyrosine feeding, and 10 mg more 2 hours later. 
p-Hydroxyphenylpyruvic acid oxidase activity was assayed as 
described in Table I. Plasma tyrosine, plasma p-hydroxyphenyl- 
pyruvic acid, and liver ascorbic acid were determined as described 
in the ‘‘Experimental Procedure’’ section. Average values are 
given. 








Plasma 
Liver p-hy- - 
commana | tomengi. | Plume | dem tive “user 
oxidase pyruvic 
acid 
umoles of sub- a 100 ml mg per 100 
Tieenie | “Ramo | ese 
None (6)f 1.6 50.3 5.6 3.1 
L-Ascorbic acid (4) 32.2 12.5 <0.4 28.9 
p-Isoascorbic acid (4) 31.0 13.2 <0.1 13.3 
p-Glucoascorbic acid (4) 9.5 24.5 0.8 4.5 
2,6-Dichlorophenolin- 29.0 10.2 | <0.1 2.6 
dophenol (oxidized) 
(5) 
2,6-Dichlorophenolin- 29.5 5.9 | <0.1 3.3 
dophenol (reduced) 
(4)t 

















* p-Isoascorbic acid and p-glucoascorbic react in this method 
like ascorbic acid and have a molar extinction coefficient in the 
same order as the latter. 

+ Numbers in parentheses = number of animals. 

t Dye reduced with glutathione before injection. 


and then given 400 mg of tyrosine in 100-mg portions at hourly 
intervals. The test compounds were given intraperitoneally, 
10 mg one half hour before the first tyrosine feeding, and 10 mg 
more 2 hours later. Animals were killed 1 hour after the last 
tyrosine dose and the p-hydroxyphenylpyruvic acid oxidase 
activity of the liver was determined. Plasma levels of tyrosine, 
p-hydroxyphenylpyruvic acid, and liver ascorbic acid were meas- 
ured at the time of death (Table IV). The results indicated that 
2,6-dichlorophenolindophenol and p-isoascorbic acid were able 
to completely prevent any inhibition of p-hydroxyphenylpyruvic 
acid oxidase, and glucoascorbic acid gave partial protection of 
the enzyme. The concentration of tyrosine in the plasma was 


‘elevated in the groups with inhibited p-hydroxyphenylpyruvic 


acid oxidase and was proportional to the degree of inhibition 
observed. The concentration of ascorbic acid in the liver indi- 
cated that there was a greater retention of D-isoascorbic acid 
than glucoascorbic acid in this tissue and this finding was in 
agreement with their relative ability to protect p-hydroxyphenyl- 
pyruvic acid oxidase. 

From these results one would predict that other compounds 
which have been found to be effective in preventing inhibition of 
p-hydroxyphenylpyruvic acid oxidase by excess substrate in 
vitro would be able to prevent inhibition of this enzyme in vivo. 
However, the effectiveness actually observed in vivo will also be 
modified by their physiological distribution and retention within 
the liver. 

The ability of 2,6-dichlorophenolindophenol to protect the 
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enzyme in vivo is of particular interest, since this compound does 
not have an enediol structure as do ascorbic acid and its ana- 
logues. Further evaluation of 2,6-dichlorophenolindophenol 
as an anti-scorbutic agent is now under investigation. 


DISCUSSION 


The tyrosyluria resulting from feeding tyrosine to vitamin C- 
deficient guinea pigs can now be explained in terms of an inhibi- 
tion of p-hydroxyphenylpyruvic acid oxidase in the liver and 
kidney. Since it has been shown previously that p-hydroxy- 
phenylpyruvic acid oxidase is inhibited in vivo by the injection 
of p-hydroxyphenylpyruvic acid (10), resulting in the accumula- 
tion and excretion of p-hydroxyphenylpyruvic acid, it appears 
likely that tyrosine also exerts its inhibitory effect via this a-keto 
acid. The ability of vitamin C and several related compounds 
to protect p-hydroxyphenylpyruvic acid oxidase from substrate 
inhibition, both in vivo and in vitro, is further evidence in accord 
with this mechanism. 

It is of interest that guinea pigs need not be frankly scorbutic 
in order to exhibit inhibition of their p-hydroxyphenylpyruvic 
acid oxidase by tyrosine feeding. However, the susceptibility 
to inhibition increases as the vitamin C deficiency becomes more 
severe. The degree of enzyme inhibition depends upon two 
factors: the tissue concentration of vitamin C and the load of 
tyrosine given. These observations recall the findings of Painter 
and Zilva (20) in studies on the tyrosyluria of vitamin C-defi- 
cient guinea pigs. These authors found that the amount of 
p-hydroxyphenylpyruvic acid excreted was dependent upon the 
relative intake of tyrosine and of vitamin C. 

The 4- to 5-fold increase in tyrosine transaminase activity 
induced by tyrosine feeding in the vitamin C-deficient animals 
would also favor the accumulation of p-hydroxyphenylpyruvic 
acid and help to perpetuate the metabolic defect. This increase 
in tyrosine transaminase might be an adaptive change secondary 
to the intake of substrate, but other possibilities must be con- 
sidered, such as a protective (21) or activating effect (22, 23) of 
the amino acid. It should be noted that no increase in tyrosine 
transaminase activity occurred in the normal guinea pigs fed 
large amounts of tyrosine. 

In view of these results, it is of interest to reconsider the origin 
of the tyrosyluria associated with feeding tyrosine or phenyl- 
alanine to premature infants. This tyrosyluria can be corrected 
by the administration of ascorbic acid (5), and it is reasonable to 
assume that inhibition of p-hydroxyphenylpyruvic acid oxidase 
by p-hydroxyphenylpyruvic acid accounts for the tyrosyluria 
found in these individuals. 

Tyrosyluria has also been induced in guinea pigs by the ad- 
ministration of diethyldithiocarbamate (24). This agent, a 
potent inhibitor of p-hydroxyphenylpyruvic acid oxidase in 
vitro (7), also inhibits this enzyme in vivo, thus leading to the 
excretion of p-hydroxyphenylpyruvic acid in the urine when 
tyrosine or phenylalanine are fed. Inhibition of the oxidase by 
diethyldithiocarbamate takes place even in the presence of high 
tissue concentrations of ascorbic acid, and this compound appears 
to inhibit the oxidase directly. 

The tyrosyluria reported in man in the unique case of tyro- 
sinosis described by Medes (6) should also be mentioned. This 
condition has been assumed to be a metabolic disease in which 
the ability to further metabolize p-hydroxyphenylpyruvic acid 
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is blocked, perhaps because of the lack of p-hydroxyphenyl- 
pyruvic acid oxidase. However, the exact nature of the meta- 
bolic defect has not been established (25). 

The ability to block tyrosine metabolism at specific steps may 
be of value in further studies of the alternative pathways avail- 
able for the metabolism of this amino acid. Induced metabolic 
blocks may also be useful in the treatment of metabolic disorders, 
For example, if a block could be induced at an earlier step than 
homogentisic acid oxidase, the pigmentation, ochronosis, and 
arthritis associated with aleaptonuria might be alleviated. 


SUMMARY 


1. The inhibition in vivo of p-hydroxyphenylpyruvic acid 
oxidase has been demonstrated in vitamin C-deficient guinea 
pigs, as well as severely scorbutic animals when fed extra tyrosine. 

2. The excretion of p-hydroxyphenylpyruvic acid and other 
tyrosyl compounds in these animals can be attributed to the 
inhibition in vivo of p-hydroxyphenylpyruvic acid oxidase. 

3. Inhibition of p-hydroxyphenylpyruvic acid oxidase in 
vitamin C-deficient animals can be prevented by the administra- 
tion of ascorbic acid and by several other compounds such as 
2 ,6-dichlorophenolindophenol, v-isoascorbic acid, and p-gluco- 
ascorbic acid. These compounds also protect the enzyme from 
inhibition by excess substrate in vitro. 

4. The tyrosine transaminase activity is increased 4- to 5-fold 
in scorbutic animals fed tyrosine and this may help to maintain 
the metabolic defect. 
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The enzymatic reactions responsible for the interconversion 
of purine nucleotides and for the biosynthesis of the imidazole 
ring of histidine in bacteria have been described previously (4-7). 
This study of the isolated enzymes not only revealed the chemi- 
cal nature of the reactions but also suggested mechanisms for 
their regulation. The study of purine metabolism described in 
the present paper was carried out with intact, growing cells. 
The method used was to observe the utilization of purine bases 
and of histidine by mutants blocked in different steps of the 
pathways leading to AMP and GMP. The results of this in- 
vestigation demonstrate that the mechanisms of biosynthesis 
and regulation suggested by the studies with isolated enzyme 
systems are, indeed, operative in the growing cell. The purine 
ribonucleotides participate in a cyclic pathway whose function 
is the biosynthesis of histidine and whose operation is controlled 
by histidine. Other cycles controlled by ATP and by GMP 
link IMP, AMP, and GMP. 

It should be pointed out that the studies described here were 
carried out simultaneously with, and frequently before, the en- 
zymatic studies; the combination of these experimental tech- 
niques was invaluable for developing a coherent picture of pu- 
rine metabolism. 


EXPERIMENTAL PROCEDURE 


Chemicals—Samples of adenine-8-C", adenine-2-C™, guanine- 
8-C', guanine-2-C™, and glycine-2-C" were purchased from New 
England Nuclear Company, Volk Radiochemical Company, 
Isotope Specialties, Inc., and Tracerlab, Inc. Hypoxanthine- 
8-C™, xanthine-8-C™“, and xanthine-2-C™ were prepared by the 
deamination of the corresponding aminopurines with nitrous 
acid (8). Histidine-2-C“ had been previously synthesized in 
this laboratory (9). N'*H,NO; (61 atom % N!® excess) was 
purchased from Distillation Products Industries; the N'5H; was 
liberated by alkali and distilled into dilute sulfuric acid to pre- 
pare the solutions of ammonium sulfate used in the experiments. 
Adenine-amino-N'* was isolated from a purine-requiring mutant 
of Aerobacter aerogenes, strain PD-1 (10) cultivated in a medium 
containing (N'5H,)2SO, as the major source of nitrogen and 
hypoxanthine as the source of purine. Guanine-amino-N!® was 
prepared by the acid hydrolysis of the GMP-amino-N" obtained 
by the enzymatic amination of xanthosine-5’-P with N!5H; (5). 


* This work was supported in part by research grants from the 
United States Public Health Service (C-2864) and from the Na- 
tional Science Foundation (NSF-G1295), by an institutional grant 
to Harvard University from the American Cancer Society, and by 
funds received from the Eugene Higgins Trust. Preliminary re- 
ports describing portions of this work have been published (1-3). 

t Present address, Department of Biology, Massachusetts In- 
stitute of Technology, Cambridge, Massachusetts. 


Bacteria—Most of the purine-requiring mutants used in these 
experiments have been described in previous publications (4-7, 
10, 11). Escherichia coli strain HP-1 was obtained from Dr. A. 
Goldstein; it is a purine-requiring mutant of the Harvard strain 
of E. coli (12). Strain 31 is a mutant obtained from strain 
HP-1 by a previously described method (13); it differs from 
strain HP-1 by its inability to grow on xanthine or guanine; it 
requires hypoxanthine or adenine. Strain HP-1-R and strain 
316 are revertants to the prototropic state obtained from strains 
HP-1 and 31, respectively, by selection in purine-free media (10). 
The bacteria were cultivated in minimal media containing glu- 
cose as the major source of carbon, ammonium sulfate as the 
major source of nitrogen, and the supplements of purine bases, 
histidine, and glycine indicated in the description of the experi- 
ments. In general, when adenine or hypoxanthine were used, 
thiamine at a concentration of 0.025 ug per ml was added to 
overcome the toxic effect of these purine bases (14). The 
growth was estimated turbidimetrically, in the earlier experi- 
ments in a Coleman spectrophotometer, model 14, at a wave 
length of 590 my, and in the later experiments in a Klett-Sum- 
merson colorimeter, with filter No. 42. 

Analytical Methods—Purines were identified and assayed spec- 
trophotometrically (15); histidine was determined colorimetri- 
cally (16); 5-amino-1-ribosyl-4-imidazolecarboxamide was iden- 
tified and assayed spectrophotometrically or colorimetrically 
(17). The radioactivity of each of these compounds was deter- 
mined at infinite thinness in a windowless proportional flow 
counter. N15 excess was measured in a Consolidated-Nier mass 
spectrometer, kindly put at our disposal by the Department of 
Chemistry of this University; the nitrogen was released from 
the compounds for mass spectrometric assay according to the 
methods of Sprinson and Rittenberg (18). We are indebted to 
Dr. David Elwyn of the Department of Biological Chemistry 
for help with these measurements. The radioactivity and the 
isotope excess are generally reported as relative molar activity 
or relative molar isotope excess, respectively. 


c.p.m. (or atom % excess) per mole of isolated compound 





c.p.m. (or atom % excess) per mole of proffered compound 
< 100 = R.A.(R.E)! 


The assay of GMP-reductase has been described (7). 

Isolation of Cellular Purines and Histidine—The bacterial cells 
were fractionated, and adenine, guanine, and histidine were iso- 
lated by chromatography on paper or on ion exchange resins 
as previously described (9). For the estimation of the N'* ex- 


1 The abbreviations used: R.A., relative molar radioactivity; 
R.E., relative molar isotope excess. 
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cess, the compounds were diluted with unlabeled carrier, and 
the nitrogen they contained isolated as ammonia by a Kjeldahl 
method. To determine the N'* excess of the ring nitrogens of 
adenine and guanine, the bases were converted to hypoxanthine 
or xanthine by treatment with nitrous acid (8). Unlabeled car- 
rier was added and the bases were isolated; their nitrogen was 
released aS ammonia and isolated by a Kjeldahl method. To 
determine the N!® excess of the individual nitrogen atoms of 
histidine the amino acid, after dilution with unlabeled carrier, 
was degraded enzymatically by treatment with histidine-grown 
dried cells of A. aerogenes (19). This treatment results in the 
release of the amino group as NHsg, of nitrogen-1 as formamide, 
and of nitrogen-3 as glutamate (20). These compounds were 
separated by consecutive passage of the mixture over columns 
of Permutite (retaining ammonia) (21), and Dowex 2-chloride 
(retaining glutamic acid); the ammonia was eluted with potas- 
sium chloride; the glutamate, with hydrochloric acid; the three 
nitrogenous compounds were then assayed for their N!5 excess. 

Isolation of Xanthosine and of 5-Amino-1-ribosyl-4-imidazole- 
carboramide—Xanthosine was obtained from culture fluids of 
A. aerogenes strain P-14, converted to xanthine and isolated by 
chromatography on paper as described previously (11). 5- 
Amino-1-ribosyl-4-imidazolecarboxamide was obtained from 
culture fluids of Z. coli strain HP-1, by adsorption onto charcoal 
and passage through a column of Dowex 2-acetate as described 
by Greenberg and Spilman (17), followed by electrophoresis on 
filter paper impregnated with 0.05 m formate buffer of pH 3.5 
at 35 volts per cm for 90 minutes. 


RESULTS 


Biosynthetic Pathways and Genetic Blocks—The pathways of 
purine interconversions and of histidine biosynthesis in Entero- 
bacteriaceae have been established on the basis of experiments 
with isolated enzymes and with auxotrophic mutants. Although 
portions of these pathways and the genetic blocks of some of 
the mutants have already been described in earlier papers, a 
brief resume at this point will be helpful for the understanding 
of the results to be presented. 

The pathways and the location of the genetic blocks in the 
mutants are shown in Fig. 1. It should be remembered that 
the mutants, like the prototrophs, possess enzymes capable of 
catalyzing the condensation of adenine, guanine, hypoxanthine, 
and xanthine with PP-ribose-P to form the corresponding 5’- 
ribonucleotides which are the true biosynthetic intermediates 
(22-25). Mutants whose only deficiency is a block in one of 
the reactions leading from small precursors to IMP will grow 
in a medium supplemented with any one of these four purine 
bases (14, 26). Strain PD-1, a mutant of A. aerogenes, belongs 
to this class (10, 11); although the exact location of its genetic 
block has not been determined, it must be in one of the steps 
preceding the completion of the imidazole ring, as shown by its 
failure to excrete an imidazole derivative. The other organism 
of this class used extensively in the present experiments is strain 
HP-1, a mutant of the Harvard strain of E. coli. It is blocked 
in the last step required for the completion of the purine ring; 
it lacks the transformylase-inosinicase enzyme system? which is 
responsible for the conversion of 5-amino-1-ribosy]-4-imidazole- 
carboxamide 5’-phosphate to IMP (27, 28). Another mutant 
blocked apparently in the same reaction is E. coli strain B-96, 


2A. P. Levin, and B. Magasanik, unpublished observations. 
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Fic. 1. Biosynthetic pathways and genetic blocks. The double 
dashed lines intersecting the arrows indicate genetic blocks; the 
symbols at the dashed lines refer to mutants lacking the enzyme. 
S-, succinyl; ACP, 5-amino-1-ribosyl-4-imidazolecarboxamide 5’- 
phosphate; XMP, xanthosine 5’-phosphate; PR-AMP, the con- 
densation product of ribose 5-phosphate and ATP (Compound 
III (6)); IGP, imidazoleglycerol phosphate. 


whose excretion of imidazolecarboxamide has been studied by 
Gots (29). 

The conversion of IMP to AMP occurs in two enzymatic 
steps (30-32). Mutants blocked between IMP and AMP have 
a specific adenine requirement. They lack either the ability 
to convert IMP to adenylosuccinate (Salmonella typhimurium 
strain Ad-1)* or the ability to cleave adenylosuccinate into AMP 
and fumarate (S. typhimurium strain Ad-12) (33). It is of 
particular interest that adenylosuccinase, the enzyme which 
catalyzes this last step in AMP synthesis, is also responsible for 
the analogous cleavage of 5-amino-1-ribosyl-4-imidazole-N-suc- 
cinocarboxamide-5’-P (33, 34). Consequently, mutants lacking 
adenylosuccinase appear to be blocked both in the common 
path of purine biosynthesis and in the branch leading from IMP 
to AMP. 

The ATP derived from AMP reacts with ribose-5-P to give 
5-amino-1-ribosy]-4-imidazolecarboxamide-5’-P '(6, 35-37) and 
the histidine precursor imidazoleglycerol phosphate (6, 37, 38). 
Mutants lacking one of the enzymes necessary for the conversion 
of ATP to these compounds require histidine for growth (6). 

Of the mutants blocked between IMP and GMP, those lacking 
IMP-dehydrogenase require xanthine or guanine (E. coli strain 
R-257) (4), whereas those lacking xanthosine 5’-phosphate-ami- 
nase require guanine specifically (A. aerogenes strain P-14) (5). 
Strain P-14 is capable of obtaining its cellular adenine either 
by synthesis de novo or from the exogenous guanine (11); this 
conversion of guanine to AMP is apparently mediated by a 
GMP-reductase which reduces the GMP produced from the 
guanine to IMP, the normal precursor of AMP (7). The isola- 
tion and properties of mutants lacking the ability to convert 
GMP to IMP (E. coli strains 31 and 316) are described in this 
paper. 

Nutrition of Strains PD-1 and HP-1—A comparison of the 
growth response to purines and histidine of these two mutants, 
one blocked at an early step, the other at the last step of IMP 


3 J. S. Gots, personal communication. 
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synthesis, reveals an important aspect of the metabolic relation- 
ship of purines and histidine. 

The response of strain PD-1 to purines has been described 
previously (10). Strain HP-1, like strain PD-1, can grow on 
adenine, guanine, hypoxanthine, or xanthine; unlike strain PD-1, 
it cannot grow on 4-amino-5-imidazolecarboxamide, but excretes 
the ribonucleoside of this compound. These findings are ex- 
pected from its lack of inosinicase (Fig. 1). In contrast to strain 
PD-1, strain HP-1 does not have an absolute requirement for 
thiamine; however, when adenine or hypoxanthine is the source 
of purine, strain HP-1 must be supplied with either thiamine 
(0.025 ug per ml) or succinate (100 ug per ml) or histidine (10 
ug per ml). These compounds serve to overcome the inhibitory 
effect which adenine and hypoxanthine exert on the growth not 
only of this mutant, but of the prototrophs and other purine 
auxotrophs (14). This phenomenon has not yet been explained. 
Glycine also completely inhibits the growth of strain HP-1, 
when added to the medium in a concentration of 4 ug per ml; 
this inhibition is overcome by histidine, but not by succinate or 
thiamine. This effect of glycine seems to be peculiar to strain 
HP-1; neither the prototroph from which it is derived, nor a 
similarly blocked mutant, strain B-96, derived from another 
strain of E. coli, is sensitive to glycine. 

The most significant difference between strains PD-1 and 
HP-1 is their quantitative growth response to purines in the 
absence and in the presence of histidine. The response of strain 
PD-1 to purines is not affected by histidine: 3 ug per ml of gua- 
nine or equivalent amounts of adenine, hypoxanthine, or xan- 
thine are required to produce a cell population giving an absorb- 
ancy of 0.5 (approximately 4.5 x 10° cells per ml (39)) (10), 
whether or not histidine has been added to the medium. On 
the other hand, in the case of strain HP-1, 3 ug of guanine per 
ml are sufficient for the production of a cell population of that 
size, only when histidine is also supplied; in the absence of histi- 
dine, 8 wg of guanine per ml are required (Fig. 2). The other 





ABSORBANCY 














GUANINE, pg/ml 


Fig. 2. Growth response of strain HP-1 to guanine in the ab- 


sence and presence of histidine. Histidine concentration, 20 ug 
per ml. The cell density was measured in a Coleman spectro- 
photometer. 
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TABLE I 
Utilization of purines by mutants blocked in IMP synthesis 

The mutants were grown in 400-ml cultures (Experiments 1-4, 6 
and 9-12) or 1-liter cultures (Experiments 5, 7 and 8) for 16 hours, 
All cultures of strain PD-1 and those cultures of strain HP-j 
containing adenine or hypoxanthine were supplemented with 
0.025 ug of thiamine per ml. The radioactivities of the supple- 
ments in c.p.m. per zmole were: xanthine-8-C", 48,400; guanine- 
2-C'*, 77,000 in Experiments 3 and 4, 26,300 in Experiment 8, and 
15,600 in Experiment 11; guanine-8-C'*, 10,610; adenine-2-C™ 
5060; glycine-2-C'‘, 18,400 in Experiment 9, and 21,600 in Experi- 
ment 10; histidine-2-C™, 13,200. The purine bases and the histi- 
dine were isolated from the hydrolyzed bacterial nucleic acids and 
protein, and purified by chromatography on paper. The amino- 
imidazolecarboxamide riboside was isolated from the culture 
filtrate and purified by filter paper electrophoresis. 




















R.A. 
—— Mutant Supplements, ug per ml Py Free oe i 
nine | nine | dine 
1 PD-1 xanthine-8-C', 8 103 | 103 
2 HP-1 xanthine-8-C!4, 12 107 | 94 
3 PD-1 guanine-2-C'*, 12 100 | 40| 38 
4 HP-1 guanine-2-C!4, 12 110 | 106 | 99 
5 HP-1 guanine-8-C!*, 12 102 
6 HP-1 adenine-2-C!4, 8 107 | 103 | 112 
7 HP-1 guanine-8-C", 6 72 | 27 18 
hypoxanthine, 6 
8 HP-1 guanine-2-C'4, 6 75 | 22] 20 
hypoxanthine, 6 
9 PD-1 guanine, 8 3; 15| 18 
glycine-2-C', 150 
10 PD-1 5-amino-4-imidazole 20 | 23 
carboxamide, 1000 
glycine-2-C', 40 
11 PD-1 guanine-2-C'*, 8 89 | 92 6 
histidine, 20 
12 HP-1 guanine, 8 0 2) 65 
histidine-2-C'4, 12 























* AC, 5-amino-1l-ribosyl-4-imidazolecarboxamide isolated from 
the culture fluid. 


purine bases can be substituted for guanine with quantitatively 
similar results; the thiamine or succinate which must be pro- 
vided to permit growth of strain HP-1 on adenine or hypoxan- 
thine in the histidine-free medium do not spare the purine re- 
quirement. 

The excessive requirement of strain HP-1 for purine in the 
histidine-free medium can be explained by the inability of this 
mutant to convert to IMP the 5-amino-1-ribosyl-4-imidazole- 
carboxamide-5’-P produced as a by-product of histidine bio- 
synthesis (Fig. 1). Histidine must exert its sparing effect by 
preventing the diversion of the purine fed to the mutant to the 
formation of the carboxamide; and indeed, it was found that the 
riboside of the aminoimidazolecarboxamide was excreted during 
growth on purines, and that this excretion was prevented by 
histidine. 

Further support for this view comes from experiments with 
isotopic tracers. 

Utilization of Purines by Strains PD-1 and HP-1—The experi- 
ments with purines labeled with C™ in position 8 confirm the 
results of the nutritional experiments on strains PD-1 and HP-1. 
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These mutants derive their cellular purines entirely from the 
exogenously supplied purine bases. It had previously been 
shown that in strain PD-1, singly fed adenine-8-C™ or guanine- 
8-C" are incorporated into both the nucleic acid purines without 
dilution (11). Similarly, carbon 8 of xanthine appears undiluted 
in both the cellular purines in strains PD-1 and HP-1 (Table I, 
Experiments 1 and 2). 

Carbon 2 of guanine is incorporated not only into cellular 
purines but also into histidine (Table I, Experiments 3 and 4). 
Actually, this transfer from purine to histidine involves not 
only carbon 2 but also one of the attached ring nitrogens. The 
experiments presented in Table II show that when strain HP-1 
is grown in a medium containing unlabeled guanine and 
(N'°H,)2SO, as the only sources of nitrogen, nitrogen 1 of the 
imidazole ring of histidine does not contain excess N!5, and must 
therefore have been supplied by the unlabeled guanine; when 
the organism is grown in a medium containing guanine labeled 
with N15 in the amino group and unlabeled (NH4)2SO,, the his- 
tidine does not contain excess N!*. In another experiment, gua- 
nine-2-C™ was fed and the histidine degraded: the radioactivity 
was found in the formate derived from carbon 2 of the imidazole 
ring. It appears, therefore, that carbon 2 of the purine ring 
and one of the attached ring nitrogens give rise to the N-1, C-2 
portion of the imidazole ring of histidine. These results are in 
good agreement with observations by Neidle and Waelsch, show- 
ing that a prototropic strain of EZ. coli can incorporate the N-1, 
C-2 portion of exogenously supplied purines into histidine (40). 


OH 
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~ ~c—n N—cu 
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if oe OT Te 
2 / I 
HeN-C2 C—N HC2 _C-CH,-C—COOH 
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The remaining portion of the guanine ring is apparently ex- 
creted by strain HP-1 as 5-amino-1-ribosyl-4-imidazolecarbox- 
amide: the carboxamide found in the culture fluid has the same 
molar activity as the guanine fed (Table I, Experiment 5). 
Guanine is not the only purine capable of contributing its car- 
bon 2 to histidine: when strain HP-1 is grown on adenine as the 
only source of purine, one of the carbons of histidine, presumably 
carbon 2, is entirely derived from carbon 2 of adenine (Table I, 
Experiment 6). When the mutant was grown on a mixture of 
hypoxanthine and guanine, the hypoxanthine was used prefer- 
entially as the source of cellular adenine and histidine and of 
the excreted carboxamide, and the guanine as the source of the 
cellular guanine (Table I, Experiments 7 and 8). This result 

indicates that a derivative of hypoxanthine or adenine rather 
| than of guanine is the actual donor of the C-N fragment con- 
tributed to histidine. 

Of particular interest is the finding that strains PD-1 and 
HP-1 differ in their utilization of carbon 2 of guanine for ade- 
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Q xperi- 
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nine and histidine biosynthesis. In strain HP-1, this carbon is 
incorporated without dilution into cellular adenine and histidine, 
whereas in strain PD-1 it is incorporated with considerable dilu- 
tion by unlabeled carbon (Table I, Experiments 3 and 4). Ap- 
parently, a general source of “single carbons” can supply a por- 
tion of carbon 2 of adenine and of histidine when strain PD-1 
is cultivated on guanine; this is substantiated by the observa- 
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TaBLeE II 
Utilization of purine N for histidine formation in E. coli 
strain HP-1 


The N-excess of the (NH,)2SO, used in Experiment 1 was 
61%, and that of the amino group of the guanine used in Experi- 
ment 2 was 6%. The mutant was grown in 500-ml cultures for 16 
hours. The histidine (1.5 mg), isolated from the hydrolyzed cell 
protein, was mixed with a 100-fold excess of unlabeled histidine, 
converted to the monohydrochloride by treatment with concen- 
trated HCl, and purified by recrystallization from H:O. A por- 
tion of the purified histidine HCl was degraded with a bacterial 
histidase preparation to NH;, glutamate (imidazole-nitrogen 1), 
and formamide (imidazole-nitrogen 3). 




















R.E. of histidine 
Experiment) Supplement, ug per ml 
Histidine NH: N-1 N-3 
1 Guanine, 12 64 94 0.8 97 
N'5H3, 100 
2 | Guanine-N!5He, 12 0 
NH, 200 























tion that carbon 2 of glycine is incorporated into adenine and 
histidine under these conditions (Table I, Experiment 9). As 
expected, carbon 2 of glycine is incorporated into both adenine 
and guanine when the purine requirement of strain PD-1 is sup- 
plied by aminoimidazolecarboxamide (Table I, Experiment 10). 

Exogenously supplied histidine is preferentially incorporated 
into cellular histidine in both strains (Table I, Experiments 11 
and 12). In strain PD-1, histidine has a further effect on the 
utilization of carbon 2 of guanine; in its presence this carbon is 
incorporated into cellular adenine without dilution (compare 
Experiments 3 and 11, Table I). 

These findings are all in good agreement with the concept 
that in these mutants the N-1, C-2 portion of the imidazole ring 
of the cellular histidine is derived from the N-1, C-2 portion of 
a purine derivative, unless histidine is also provided in the 
growth medium. The difference between strains PD-1 and 
HP-1 is that the former can convert the carboxamide-ribosephos- 
phate, produced from the proferred purine as a by-product of 
histidine biosynthesis back into a purine derivative, whereas 
the latter, because of its lack of inosinicase, cannot utilize the 
carboxamide and excretes it into the medium. 

A detailed discussion of these findings and of their bearing on 
the regulation of purine interconversions and of histidine bio- 
synthesis will be presented in a later section of this paper. 

_ Utilization of Purines by Strain Ad-12—The experiments with 
this adenine-requiring mutant provide the clearest information 
on the role of adenine nucleotides in histidine biosynthesis. 

It can be seen that adenine fed singly to this organism supplies 
all of the cellular adenine and guanine (Table III, Experiment 
1), and hypoxanthine or guanine fed together with adenine sup- 
ply cellular guanine but not adenine (Table III, Experiments 
2 and 3). The mutant is apparently unable to synthesize IMP 
de novo and to convert it into AMP: the lack of adenylosucci- 
nase, the enzyme with a double function, 5-amino-1-ribosyl-4- 
imidazolecarboxamide-5’-P synthesis and AMP synthesis (33), 
readily accounts for these findings. 

Carbon 2 of adenine is incorporated into cellular histidine by 
this strain without dilution, even when compounds such as gua- 
nine, hypoxanthine, or glycine, which in other mutants can 
furnish carbon 2 of histidine, are also supplied (Table III, Ex- 
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TaBLe III 


Utilization of purines by mutant strain Ad-12 blocked in IMP 
synthesis and in conversion of IMP to AMP 

The mutant was grown in 500-ml cultures (Experiment 1, 2, 
4-8) or 800-ml cultures (Experiments 3 and 5) supplemented with 
0.025 ug of thiamine per ml for 16 hours. The radioactivities of 
the supplements in c.p.m. per umole were: adenine-8-C'*, 9,100; 
hypoxanthine-8-C', 9,100; guanine-8-C'*, 10,600; adenine-2-C", 
5,060; guanine-2-C™, 15,570; glycine-2-C'4, 4,400. The purine 
bases and the histidine were isolated from the hydrolyzed bac- 
terial nucleic acids and protein, and purified by paper chroma- 
tography. 














; R.A. 
— Supplements, ug per ml 
Guanine Adenine Histidine 
1 Adenine-8-C!*, 8 107 106 
Adenine, 8 66 2 
Hypoxanthine-8-C", 17 
3 Adenine, 8 42 1 
Guanine-8-C"4, 8 
4 Adenine-2-C', 8 43 92 105 
5 Adenine, 8 43 1 0 
Guanine-2-C", 8 
6 Adenine-2-C", 8 11 89 94 
Hypoxanthine, 8 
7 Adenine, 8 36 1 4 
Glycine-2-C'*, 20 
8 Adenine-2-C"*, 8 96 93 0 
Histidine, 20 














periments 4 to 7). On the other hand, carbon 2 of adenine is 
incorporated into guanine with considerable dilution by carbon 
derived from glucose or from carbon 2 of added glycine (Table 
III, Experiments 4 and 7). These results support the view that 
a derivative of adenine is a more direct donor of the C-N frag- 
ment incorporated into histidine than a derivative of guanine or 
hypoxanthine. The 5-amino-1-ribosyl-4-imidazolecarboxamide- 
5’-P produced as a byproduct of this process is converted to 
cellular guanine, which receives carbon 8 of adenine but not 
carbon 2. The molar activity of the cellular guanine (Table 
III, Experiments 1 and 4) indicates that about one-half is pro- 
duced by this route and the other half by a route in which the 
purine ring remains intact. Additional evidence for this view 
was obtained by determining the incorporation of the N!*-labeled 
amino nitrogen of adenine into cellular guanine. The guanine 
that has been formed from adenine by way of the carboxamide 
should contain the amino nitrogen of adenine as its ring nitro- 
gen 1. The results presented in Table IV show that the isotope 
excess of one of the ring nitrogens of guanine is indeed about 
one-half that of the exogenous adenine. 


Ne Nu OH 
1 
Cc Cc Cc 
n7 ~c—n 0” ~c—n si N7 ~c—wn 
\ N ¢€ \ 
pH | cH —> | | C-H 
H-C. ¢——N cn HeN-C. ~C——N 
N My HeN ' 1 
RP RP 
Adenine ACP GMP 
ForMvuLa 2 


When histidine is added to the growth medium, the incorpora- 
tion of carbon 2 of adenine into cellular histidine is suppressed 
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and the cellular guanine receives this carbon without dilution 
(Table III, Experiment 8). Thus, exogenous histidine prevents 
the formation of its own precursor and of the carboxamide, and 
channels the adenine into a pathway of guanine synthesis in 
which the purine ring is preserved. 

Utilization of Purines by Strains R-257 and P-14—The experi- 
ments with mutants blocked between IMP and GMP help to 
elucidate the pathways by which adenine and guanine nucleo- 
tides are interconverted in the intact cell. These mutants can 
synthesize guanine neither de novo nor from exogenous adenine, 
On the other hand, they can obtain their cellular adenine by 
synthesis de novo, from exogenous adenine, or from exogenous 
guanine (11) (Table V, Experiments to 1 to 6). Carbon 2 of 
guanine is incorporated into cellular adenine and histidine with 
considerable dilution (Table V, Experiment 3), whereas carbon 
2 of exogenous adenine is incorporated into cellular adenine and 
histidine with little dilution, but is not incorporated at all into 
cellular guanine (Table V, Experiments 5 and 6). These results 
support the view that a derivative of adenine is the precursor of 
histidine. Presumably, the transfer of carbon 2 of guanine to a 
precursor of histidine involves the prior conversion of guanine to 
this derivative of adenine. This conversion does not proceed by 
way of a derivative of xanthine: in strain P-14, where the amina- 
tion of xanthosine 5’-phosphate to GMP is blocked (5), exoge- 
nous xanthine cannot be converted to either cellular guanine or 
adenine, and its carbon 2 is not incorporated into histidine. 
Exogenous xanthine apparently enters the cell but is excreted 
again as xanthosine (Table V, Experiments 7 and 8). 

The enzyme presumably responsible for the conversion of 
guanine to AMP is GMP-reductase, which catalyzes the reduc- 
tion of GMP to IMP (7). To obtain additional evidence on the 
role of GMP-reductase in the metabolism of purines, an attempt 
was made to isolate mutants lacking this enzyme. 

Isolation and Properties of Strains 31 and 316—An organism 
which loses by mutation the GMP-reductase responsible for the 
conversion of GMP to IMP will not require purines for growth, 
since the loss of this enzyme does not affect its ability to synthe- 
size AMP and GMP de novo. However, the loss of GMP- 


TABLE IV 

Incorporation of amino-N of adenine into purine ring of guanine 

Strain Ad-12 was grown in a 500-ml culture supplemented with 
8 wg per ml of adenine-amino-N'* and 0.025 ug per ml of thiamine 
for 16 hours. The purine bases of the hydrolyzed nucleic acids 
were isolated as Ag salts and separated by chromatography on 
Dowex 50 resin. The adenine (10.5 ug) was mixed with a 17-fold 
excess of unlabeled adenine, and the guanine (10.2 ug) with a 12- 
fold excess of unlabeled guanine. A portion of each of these 
purines was converted to hypoxanthine and xanthine, respec- 
tively, by treatment with nitrous acid. The hypoxanthine was 
isolated as the silver salt and the xanthine as the free base. The 
purity of the four purine bases was verified by spectrophotometric 
analysis. 


























| Per cent excess N15 RE. 

| Purine “eM NH: Ring N* | 
Adenine fed..............| 6.3 0.1 100 1.6 
Adenine isolated......... 5.8 0.1 92 Lie 
Guanine isolated. .... 2.7 3.3 1.0 42 








* Calculated for one ring nitrogen. 
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tion reductase in a purine auxotroph blocked before IMP should of strain HP-1, by growing each strain in a medium supplemented 
ents | make it impossible for this double mutant to grow on xanthine with guanine-8-C™ and unlabeled hypoxanthine (Table VI). It 
and | or guanine, without impairing its ability to grow on hypoxan- can be seen that both strains can derive their cellular guanine 
is in thine or adenine. “To obtain such a mutant, strain HP-1 was from the guanine fed, but strain 31 has lost the ability to convert 
irradiated with ultraviolet light, and from the survivors a mu- guanine to cellular adenine. 
peri- | tant was selected which could grow on hypoxanthine or adenine, It was possible to obtain revertants to the prototropic state 
P to but not on xanthine or guanine. The ability of this mutant, from both strains HP-1 and 31. These back-mutants, strains 
cleo- | strain 31, to utilize exogenous guanine was compared with that HP-1-R and 316, have regained the enzyme essential for the 
} can conversion of 5-amino-1-ribosyl-4-imidazolecarboxamide-5’-P to 
— TaBLe V IMP.’ Both revertants could incorporate exogenous guanine 
a Utilization of purines by mutants blocked between IMP and GM P sah adlaiioc Cane ES NS Se See ee 
2 of The mutants were grown in 500-ml cultures (Experiments 2, 3, According to the results of the nutritional and the isotope 
with | 7,8) or 1-liter qanease Cpe 1, £9), irs pare te _— experiments, strains 31 and 316 should lack GMP-reductase; 
rhqg | 9025 ng of thiamine per ml when veevscandges aan apt nt em and indeed it was not possible to demonstrate a GMP-dependent 
ae The radioactivities of the supplements in ¢.p.m. per amole were: ‘dati | TPNH PO act f th : 8 
; guanine-8-C", 10,600 in Experiment 1 and 74,000 in Experiment 2; *!dation o in extracts of these organisms. However, 
into guanine-2-C'*, 77,000; adenine-8-C™, 9,100; adenine-2-C™; 5,060; attempts to demonstrate significant levels of GMP-reductase in 
sults xanthine-8-C™, 48,400; xanthine-2-C™, 56,000. The purine bases extracts of HP-1 and HP-1-R were also unsuccessful, except 
or of | and the histidine were isolated from the hydrolyzed bacterial where strain HP-1 had been grown on guanine as the only source 
toa | nucleic acids and protein, and purified by chromatography on of purine. This extract contained 0.12 units of GMP-reductase 
ne to paper. The xanthosine was isolated from the culture filtrate and per mg of protein; addition of hypoxanthine to the growth 
2d by hydrolyzed to xanthine, which was purified by chromatography medium reduced the enzyme activity to one-fourth; that is, to a 
nina- | on paper. level where accurate assay became impossible. It would appear 
xoge- | RA. that in contrast to results obtained with other strains of Entero- 
ne OF | Exper-| yeutant Supplements, yg per ml bacteriaceae (7), the level of GMP-reductase in the Harvard 
dine, } iment) Guanine] Adenine| Histi- | Xan-_ strain of E. coli depends greatly on the composition of the growth 
reted afi 4 oP rae medium. The formation of the enzyme seems to be repressed 
1 | Re257 guanine-8-C™, 4 91 8 when its product IMP can be produced readily from added 
on of 2 | P-14 guanine-8-C™, 4 97 | 38 hypoxanthine or by synthesis de novo. 
educ- 3 | P-14 guanine-2-C', 8 96 24 19 Effect of Guanine on Strains 31 and 316—Mutants lacking 
n the 4 | R-257 guanine, 4 3 | 88 inosinicase, such as strains HP-1 and B-96, excrete 4-amino-1- 
rempt adenine-8-C'4, 8 ribosyl-5-imidazolecarboxamide during purine starvation in the 
5 | R-257 guanine, 4 2 | 6 | 56 presence of histidine. In the case of strain B-96 this excretion 
anism | adenine-2-C™, 8 has been carefully studied by Gots, who found that exogenous 
or the 6 | P-14 guanine, 4 1 | 8 | 63 | 10 hypoxanthine, adenine, xanthine, or guanine exert a strong inhi- 
owth, -_ adenine-2-C', 8 _ __ bition on the formation of the carboxamide (29). _ This effect of 
ee! | pg geoge tape 27 the purine bases is presumably indicative of the “feed-back inhi- 
3MP- § | p44 voor ‘ 0 0 o | 14 bition” exerted by these compounds on an early step in their 
| Santhine-2-C™, 8 biosynthesis. In strains HP-1 and B-96 the four purine nucleo- 
a, tides can be interconverted; it was therefore of interest to study 
canine * Derived from the xanthosine isolated from the culture fluid the effect of exogenous purines on the formation of the carbox- 
1 with 
amine TaBLeE VI 
acids Effect of a block between AMP and IMP on utilization of purines 
me Cultures of strain HP-1 (1 liter) and of strain 31 (500 ml), supplemented with 0.025 ug of thiamine per ml, were grown for 16 hours. 
oie In the case of strains HP-1-R and 316, 250 ml of the guanine-8-C'*-supplemented medium were inoculated with sufficient cells to give 
: aii Klett readings of 34 and 43, respectively, and incubated for 240 and 370 min, respectively; during these periods the cells had increased 
7-fold. The radioactivities of the guanine-8-C' supplements used in c.p.m. per umole were with strain HP-1, 10,600; with strain 31, 
arin 9,550; and. with strains HP-1-R and 316, 18,300. The purines were isolated from the hydrolyzed bacterial nucleic acids and purified 
i on by chromatography on paper. In the experiments with strains HP-1-R and 316, the results are corrected for the presence of the orig- 
: inal inoculum. 
metric ae 
tie R.A. 
oe. Strain Nutritional requirements Block Supplements, ug per ml 
Guanine Adenine 
ting N* HP-1 adenine, hypoxanthine, ACP* +» IMP guanine-8-C'*, 6 72 27 
guanine, or xanthine hypoxanthine, 6 
1.6 31 adenine or hypoxan- ACP +> IMP guanine-8-C', 6 58 4 
1.7 thine GMP + IMP hypoxanthine, 6 
42 HP-1-R none none guanine-8-C'4, 12 74 33 
316 none GMP -+» IMP guanine-8-C™, 12 82 3 
* ACP, 5-amino-1-ribosyl-4-imidazolecarboxamide-5’-P. 
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Fie. 3. The effect of hypoxanthine and of guanine (10 ug per 
ml) on the excretion of 5-amino-1-ribosyl-4-imidazolecarboxamide 
(AC) by strain 31. The cultures of a cell density corresponding 
to 100 Klett units were incubated with shaking at 37°. The mini- 
mal medium contained glucose as the source of carbon and was 
supplemented with 20 ug per ml of histidine. Growth occurred 
only in the hypoxanthine-containing culture. 
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Fia. 4. The effect of guanine on the growth of strains HP-1-R 
and 316. @, no supplement; O, 20 ug per ml of guanine; X, 20 
ug per ml of guanine and 20 ug per ml of hypoxanthine. 


amide by strain 31, which is not capable of converting GMP to 
IMP and AMP. It was found that in this mutant, too, guanine 
is a powerful inhibitor of carboxamide formation (Fig. 3); even 
when supplied at concentrations considerably lower than those 
used in the experiment illustrated in Fig. 3. It appears, there- 
fore, that a derivative of guanine itself can inhibit one of the 
early steps in the pathway of purine biosynthesis. This assump- 
tion is supported by the observation that guanine inhibits the 
growth of strain 316 but not of strain HP-1-R, and that this 
inhibition can be overcome by hypoxanthine (Fig. 4). Strain 
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316 growing in the presence of guanine must obtain its cellular 
adenine by synthesis de novo. The interference by a guanine 
derivative with one of the reactions responsible for the formation 
of AMP from small precursors should, therefore, result in a reduc- 
tion of the growth rate. In strain HP-1-R the added guanine 
will itself supply the cellular adenine, and thus negate the ad- 
verse effects of its inhibitory action on the synthesis de novo of 
purines. 


DISCUSSION 


The results of the experiments described in this paper are in 
good agreement with those of earlier studies on the enzymatic 
reactions responsible for the interconversion of purine nucleotides 
and for the biosynthesis of the imidazole ring of histidine. It is 
possible to derive from these studies a coherent picture of purine 
metabolism and histidine biosynthesis, and of the regulation of 
these processes in the growing bacterial cell. 

The reactions and their regulation by feedback inhibition are 
illustrated in Fig. 5. The operation of the system can be best 
demonstrated by experiments with mutants lacking one of the 
enzymes involved. This was the procedure used in the present 
study. 

Considering first the role of purines in histidine biosynthesis 
we find, in agreement with the experiments in which isolated 
enzymes were used, that an adenine derivative is the exclusive 
donor of the N-1, C-2 portion of the imidazole ring of histidine. 
In mutants blocked in one of the reactions essential for the 
synthesis de novo of IMP (Step 2 or earlier), either adenine or 
guanine can supply this fragment; in a mutant blocked between 
IMP and AMP (Step 4) adenine is its sole donor (Tables I, II, 
and ITI). 

The role of the adenine nucleotide in histidine biosynthesis is a 
catalytic one. The reaction of ATP with ribose-5-P and gluta- 
mine produces the histidine precursor imidazoleglycerol phos- 
phate, and 5-amino-1-ribosyl-4-imidazolecarboxamide-5’-P; the 
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Fig. 5. The cyclic interconversions of purine nucleotides and 
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latter reacts with formyltetrahydrofolic acid to form IMP, which 
in turn can be converted to AMP and GMP. 

The formation of guanine from adenine by this route could 
be demonstrated by using a mutant, Ad-12, lacking adenylosuc- 
cinase and, consequently, unable to carry out Reactions 1 and 4 
(24) (Tables III and IV). It could be shown that all the cellular 
guanine is derived from adenine; about one-half of the guanine is 
produced by a pathway in which carbon 2 of adenine is replaced 
by a carbon atom derived from the major carbon source of the 
medium or from carbon 2 of added glycine, and in which the 
amino group of adenine is converted to one of the ring nitrogens 
of guanine. It can be seen (Fig. 5) that these changes occur in 
the conversion of adenine to GMP through Steps 5, 6, 7, 2, 8, 
and 9. 

Evidence for the operation of the complete cycle (Steps 2 to 
7) comes from experiments in which a mutant, strain PD-1, 
blocked in the common pathway of purine biosynthesis before 
Step 1, was grown in a guanine-supplemented medium. The 
exogenous guanine is the only source of cellular adenine, as 
shown by the fact that carbon 8 of guanine is converted to cel- 
lular adenine without dilution (11). The conversion of guanine 
to AMP proceeds through Steps 10, 3 and 4; any other route is 
excluded by the observation that mutants lacking the ability 
to carry out one of these reactions are unable to convert guanine 
to cellular adenine (Tables VI, and III). A portion of the AMP 
produced in this manner will donate its N-1, C-2 portion for the 
biosynthesis of histidine and will be transformed into 5-amino-1- 
ribosyl-4-imidazolecarboxamide-5’-P by Steps 5 to 7; this com- 
pound should accept a formyl group and be converted back to 
AMP through Steps 2 to 4. The AMP produced in this manner 
should contain carbon 8 of the guanine from which it is derived, 
but not carbon 2. The intracellular pool from which adenine 
nucleotides are drawn for incorporation into nucleic acid and for 
histidine biosynthesis comprises two species of AMP molecules: 
those that have just been produced from GMP and still contain 
carbon 2 of guanine, and those that have passed through the 
cycle and in which carbon 2 of guanine has been replaced by a 
formyl group derived from the major carbon source of the me- 
dium. That this is indeed the case, is shown by the fact that 
carbon 2 of guanine is incorporated with considerable dilution, 
but equally into adenine and histidine; similarly, carbon 2 of 
glycine, an effective donor of “‘single carbons,” is incorporated to 
the same extent into adenine and histidine (Table I). 

The operation of this purine nucleotide cycle, responsible for 
the biosynthesis of histidine, is controlled by histidine. It has 
been previously reported that histidine inhibits Reaction 6, the 
first step of histidine biosynthesis (6). Consequently, histidine 
added to the culture should prevent its own biosynthesis de novo, 
as well as the conversion of AMP to IMP via the carboxamide. 
That this is indeed the case is shown by the fact that strain 
PD-1 grown in the presence of histidine fails to incorporate 
carbon 2 of guanine into cellular histidine, but incorporates this 
carbon into nucleic acid adenine without dilution (Table I, Ex- 
periment 11). Similarly, strain Ad-12, blocked in Reactions 1 
and 4, grown in a histidine-containing medium, fails to incor- 
porate carbon 2 of adenine into histidine, but incorporates this 
carbon into guanine without dilution (Table III, Experiment 8). 
This last result is of particular interest because it shows that the 
organism possesses the enzymatic equipment for the conversion 
of adenine to IMP by a route other than by Reactions 5, 6, 7, 
and 2 (Step 6 blocked by histidine), or by Reactions 3 and 4 
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acting in reverse (Step 4 genetically blocked). Presumably, a 
deaminase acting on adenine, adenosine, or AMP is responsible 
for the conversion; such enzymes have been found in bacterial 
and mammalian tissues (41, 42). 

According to these concepts, a block in Reaction 2 should cause 
a purine requirement as well as prevent the carboxamide formed 
as a by-product of histidine biosynthesis from being converted 
back into a purine derivative. Consequently, mutants lacking 
this enzyme, such as strain HP-1, should not be able to utilize 
the purine nucleotide cycle as a catalytic mechanism for histidine 
biosynthesis, but should expend at least 1 molecule of purine for 
every molecule of histidine they produce. This is actually the 
case, as shown by the following observations: the mutant in- 
corporates carbon 2 of guanine into histidine and adenine without 
dilution (Table I, Experiment 4); it requires more purine for 
growth than strain PD-1, and it excretes a portion of the purine 
fed to it as 5-amino-1-ribosyl-4-imidazolecarboxamide (Table I, 
Experiment 5). Histidine, by inhibiting Reaction 6, should pre- 
vent this loss of purine; and, indeed, histidine reduces the purine 
requirement of strain HP-1 to that found in strain PD-1 (Fig. 2) 
and prevents the excretion of the carboxamide. 

It is, therefore, evident that histidine through its inhibitory 
effect on the condensation of ATP with ribose-5-P (Reaction 6) 
controls its own biosynthesis and regulates the rate of operation 
of the purine nucleotide cycle. This is another example of the 
physiological importance of “feedback inhibition” discovered by 
Umbarger (48). 

In contrast to the “big cycle” (Reactions 2 to 7), the “small 
cycle” (Reactions 8 to 10) does not fulfill a catalytic function in 
biosynthesis: it appears to serve solely as a mechanism for the 
conversion of IMP to GMP, and of GMP to IMP, and it is 
unlikely that it ever actually operates as a complete cycle. Re- 
actions 8 and 9 are essential for the formation of GMP by syn- 
thesis de novo or from adenine, but are not involved in the con- 
version of guanine to AMP (4, 5) (Table V). Reaction 10 is 
essential only for the conversion of guanine derivatives to AMP 
(Table VI); it is not essential for the synthesis of either adenine 
or guanine de novo, as shown by the fact that a mutant blocked 
only in this reaction does not require purines for growth. 

It has previously been shown that Reaction 8 is inhibited by 
GMP and Reaction 10 by ATP, and it has been postulated that 
these inhibitions control the flow of AMP and IMP to GMP, and 
of GMP to AMP (7). As described earlier in this discussion, in 
strain PD-1 guanine is converted to AMP which donates its 
N-1, C-2 portion for histidine biosynthesis, but is regenerated by 
Reactions 2 to 4. The IMP which is an intermediate in this 
sequence of reactions is converted only to AMP, but not to 
GMP: carbon 2 of the exogenous guanine appears undiluted in 
the cellular guanine (Table I, Experiment 3). This consequence 
is expected from the inhibition of Reaction 8 by GMP. It has 
also been observed previously that adenine greatly reduced the 
conversion of exogenous guanine to cellular adenine (11); this is 
a consequence expected from the inhibition of Reaction 10 by 
ATP. 

The synthesis de novo of purine nucleotides is also controlled 
by feedback inhibition. This has been shown very clearly by 
Gots, who demonstrated that the excretion of 5-amino-1-ribosyl- 
4-imidazolecarboxamide by a mutant blocked in Reaction 2 is 
inhibited by purine bases (28). The organism can interconvert 
purine derivatives and, therefore, it cannot be ascertained 
whether a single purine derivative is responsible for this effect. 
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It could now be shown that a guanine derivative can exert this 
feedback inhibition in mutants that lack Reaction 10, and are 
consequently unable to convert guanine to derivatives of other 
purines (Figs. 3 and 4). This finding is not in agreement with 
the conclusions drawn by Gots and Goldstein from their observa- 
tion of the effect of purines on the excretion of succinylamino- 
imidazolecarboxamide by a mutant blocked in Reactions 1 and 4 
(44). 

The network of reactions linking the purine nucleotides and 
histidine seems to exist not only in Enterobacteriaceae but is 
found also, although not always in its entirety, in most organisms 
The first indication that purines can supply a portion of the 
histidine molecule came from the work of Broquist and Snell 
(45) with Lactobacillus casei, an organism which requires purines 
only when cultured in a medium free from folic acid, and which 
can derive both nucleic acid purines readily from singly fed 
adenine or guanine (46, 47); this requirement for purines is 
spared by histidine. Later, Mitoma and Snell (48) demonstrated 
the incorporation of carbon 2 of guanine into histidine in this 
organism. It is evident that these results are in good accord 
with the supposition that the Lactobacillus interconverts purine 
nucleotides and produces histidine through the same series of 
reactions as the enteric organisms. Folic acid-deprived L. 
casei is unable to formylate 5-amino-1-ribosyl-4-imidazolecarbox- 
amide-5’-P (Reaction 2). It resembles, in that respect, the 
mutant of E. coli strain HP-1, and the nutritional responses to 
purines and to histidine of the Lactobacillus are identical with 
that of HP-1. JL. casei requires folic acid for incorporating for- 
mate, but not carbon 2 of guanine, into histidine (48); this 
observation is also in good agreement with the scheme presented 
in Fig. 5. The only role a folic acid-containing coenzyme plays 
in histidine biosynthesis, is to catalyze the regeneration of the 
purine nucleotide by transferring a formyl group to the carbox- 
amide; the actual transfer of the C-N fragment from ATP to the 
imidazole ring of histidine is not mediated by a folic acid deriv- 
ative and, consequently, the vitamin is not required for histidine 
biosynthesis as long as purines are available. 

Other microorganisms which can also synthesize their purine 
nucleotides de novo are Torulopsis utilis and Staphylococcus aureus; 
however, the former can incorporate exogenous adenine into both 
nucleic acid purines, but guanine only into nucleic acid guanine 
(49, 50), whereas the latter, conversely, can incorporate guanine 
into both nucleic acid purines, but adenine only into nucleic 
acid adenine (51). These findings are best explained if we as- 
sume that both organisms possess most of the enzymes of the 
scheme shown in Fig. 5, but that 7’. utilis lacks GMP-reductase 
(Reaction 10) and S. aureus lacks the enzymes required for the 
conversion of AMP to IMP. Additional examples of different 
patterns of purine utilization in microbes and higher organisms 
have been presented by Brown and Roll (52); these too can be 
explained by the assumption that the scheme for the interconver- 
sion of purine nucleotides found in the Enterobacteriaceae is a 
general one, and that the different patterns are due to the lack 
of one or the other of these enzymes in cells of different species. 

The important features of this scheme are the virtual irreversi- 
bility of the reactions and the pivotal position of IMP. These 
features permit the cell to produce adenine and guanine nucleo- 
tides readily either from an exogenously supplied purine base or 
by synthesis de novo, to utilize the purine nucleotides efficiently 
for the biosynthesis of the imidazole ring of histidine, and to 
control these processes accurately by feedback inhibition, 
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SUMMARY 


The nutrition of purine-requiring mutants of Enterobacteriaceae 
and their ability to incorporate labeled carbon and nitrogen 
compounds into cellular adenine, guanine, and histidine were 
investigated. The results of this investigation are in excellent 
agreement with those of earlier investigations dealing with the 
enzymes responsible for the interconversions of purine nucleotides 
and for the biosynthesis of the imidazole ring of histidine. 

Together, these studies prove that inosine 5’-phosphate oc- 
cupies a pivotal position in the metabolism of purine nucleotides, 
The pathways responsible for the biosynthesis de novo of adeno- 
sine 5’-phosphate and of guanosine 5’-phosphate, and for the 
interconversion of these nucleotides, consist of irreversible reac- 
tions and pass through inosine 5’-phosphate. In addition, a 
purine nucleotide cycle including inosine 5’-phosphate functions 
catalytically in the biosynthesis of the imidazole ring of histidine. 

The interconversions of the purine nucleotides and the opera- 
tion of the cycle responsible for histidine biosynthesis are reg- 
ulated through feedback inhibitions exerted by adenosine 
triphosphate, guanosine 5’-phosphate, and histidine. These 
mechanisms enable the cell to shunt purine nucleotides formed 
from small precursors or from exogenously supplied purine bases 
according to its metabolic needs toward the production of ade- 
nylic acid, guanylic acid, or histidine. 
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This paper deals with the turnover of ribonucleic acid (RNA) 
in normal rats. The ribosyl moiety of RNA was labeled by 
administering either glucose-U-C" or cytidylic acid-U-C" to 
rats and the turnover time! of RNA in various organs was com- 
puted from the changes in the specific activities of the ribosyl 
moiety of RNA with time. In order to assess the over-all rate 
of RNA catabolism in the body, the C-activity of urinary ribo- 
sylimidazole acetate (1, 2) was measured after repeated injec- 
tions of imidazole acetate. 

Hiatt (3) has taken advantage of the ability of imidazole 
acetic acid to serve as a receptor for the ribosy] moiety to deter- 
mine the extent of participation of the alternate oxidative path- 
way in glucose metabolism. Our use of this compound as a 
“trap” for the ribosyl moiety derived from catabolized RNA is 
an extension of Hiatt’s principle. 


EXPERIMENTAL PROCEDURE 


Chemical Methods 


1. Isolation of Ribosylimidazole Acetic Acid and Carbohydrates 
from Rat Urine—The urine samples were treated with 2 volumes 
of methanol and the resulting precipitate discarded. Methanol 
was evaporated and the resulting residue was placed on a column 
containing Amberlite IR-120 in the H+ form, 16 to 50 mesh. 
This column was washed with water and the effluent solution 
which contained the “free” carbohydrate fraction was set aside. 
The ribosylimidazole acetic acid remaining on the ion exchange 
column was eluted with 2 N ammonium hydroxide. After 
evaporation of ammonia from the eluate, the residual material 
was streaked on Whatman No. 3MM paper (5 inches wide) and 
chromatographed in a solvent system composed of |-propanol 
and 1 N ammonium hydroxide, 75:25, (volume for volume) (2). 
Ribosylimidazole acetate was located on the paper strip by 
spraying a narrow guide strip with periodate (4). The un- 
sprayed area containing ribosylimidazole acetate was eluted 
with methanol. It was then rechromatographed in a solvent 
system consisting of 2-methyl-2-propanol, formic acid (90%), 
and water, 75:15:15, (volume for volume) (1) and eluted as 
before. The eluate was evaporated to dryness and the residue 
dissolved in water. Since it had been found that the specific 
C™ activity of ribosylimidazole acetic acid did not change after 

* Supported, in part, by a grant from the United States Atomic 
Energy Commission. 

+t Max Kade Fellow. 

1 The term ‘‘turnover time’”’ as used in this paper refers to the 


time required for the decrease of the specific activity of a com- 
pound to 37% of its initial activity. 


further chromatographic procedures, this solution was used for 
the assay of radioactivity and for chemical analysis. The 
chemical quantity of ribosylimidazole acetic acid was determined 
by means of the periodate reaction as described by Frommhagen 
(5). 

The “free” carbohydrate fraction obtained from the initial 
washings of the column was passed through a column of Amber- 
lite [RA-400, 16 to 50 mesh. The effluent solution was concen- 
trated, streaked on Whatman No. 3MM paper (5 inches wide) 
and chromatographed for 24 hours in a solvent system composed 
of butyl acetate, acetic acid, ethanol, and water, 3:2:1:1, (vol- 
ume for volume) (6). The paper was then cut lengthwise into 
two pieces, one of which was saved and the other treated with 
aniline phthalate according to the procedure of Baar (7). When- 
ever the separation of the carbohydrates proved to be incom- 
plete, the unresolved fractions were eluted with methanol from 
the unsprayed paper strip, rechromatographed in the same sol- 
vent system and processed as before. When the separation of 
the carbohydrates was complete, the appropriate zones of the 
aniline phthalate-treated paper were eluted with 5% methanolic 
acetic acid. Aliquots of these eluates were used for the colori- 
metric determination of the concentration of carbohydrate in 
terms of the aniline Schiff’s base present; the optical density 
was determined at 400 my with a Coleman Junior spectropho- 
tometer. 

The plot of optical density versus ugrams is linear up to an 
optical density of 0.6. For 5 wg per ml of carbohydrate, the 
following optical density values were found: glucose, 290; ribu- 
lose and xylulose, 510. Aliquots of the eluates containing 
Schiff’s bases in methanolic acetic acid solution were also used 
for the assay of the specific C“ activity of the free carbohydrate. 
These analyses were repeated and confirmed in several instances 
using the second half of the paper strip. “Free” carbohydrate 
was determined according to the procedure of Nelson (8) (glu- 
cose) or of Dische (9) (pentoses). In several instances, the 
radiochemical purity of the “free’’ carbohydrates was established 
by an additional separation in the solvent system, phenol and 
water, 80:20 (volume for volume). 

2. Isolation and Degradation of Tissue RNA—RNA of liver, 
intestine, spleen, muscle, testes, and kidney were isolated by 
the method of Pain and Butler (10). This procedure was modi- 
fied by substituting perchloric acid for trichloroacetic acid in 
the precipitation of RNA at pH 4.0. The RNA so isolated was 
hydrolyzed with 0.5 m KOH at room temperature for 12 hours, 
similar to the conditions described by Schmidt and Thannhauser 
(11). The pH of the hydrolysate was adjusted to 3.0 with 
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perchloric acid, the resulting precipitate removed by centrifuga- 
tion, and the supernatant solution used either for isolation of 
pyrimidine nucleotides or for the preparation of a derivative of 
the ribosyl moiety representing the total mononucleotide frac- 
tion. 

In the experiments in which cytidylic acid-U-C“ was em- 
ployed, the solution containing the combined mononucleotides, 
obtained as described above, was made 1 nN with respect to 
sulfuric acid, kept at 60° for 1 hour, and then treated with silver 
nitrate to remove purines (12). Pyrimidine nucleotides were 
separated by paper chromatography in a solvent system com- 
posed of methanol, acetic acid, and hydrochloric acid as de- 
scribed by Kirby (13). Each nucleotide was rechromatographed 
in the solvent system described by Caldwell (14) to assure radio- 
chemical purity. 

a. Preparation of subcellular fractions: Subcellular fractions 
were prepared from rat liver by the method of Stephenson et 
al. (15) with minor modifications. Liver was homogenized in 
1% sodium chloride and the resulting homogenate was centri- 
fuged for 10 minutes at 600 x g. The sedimented nuclei were 
washed several times with 0.01 N citric acid. The supernatant 
solution thus obtained was centrifuged again for 10 minutes at 
600 X g, the resulting sediment discarded, and the remaining 
solution centrifuged at 80,000 x g for 120 minutes in a Spinco 
ultracentrifuge. The final sediment was washed with 1% so- 
dium chloride. It contained mitochondrial and microsomal 
RNA, whereas the supernatant solution contained soluble RNA. 

b. Isolation of RNA from subcellular fraction: After extrac- 
tion of the nuclei with hot 10% sodium chloride, RNA was pre- 
cipitated by addition of 2 volumes of ethanol and was treated 
with alkali as described above. The combined microsomal and 
mitochondrial RNA as well as the soluble RNA were isolated 
by the procedure described above for tissue RNA. 

In the experiments in which glucose-U-C™ was employed, the 
method of Dunstan and Gillam (16) was used for the degrada- 
tion of the ribosyl moiety of the combined mononucleotides to 
furfuraldehyde. The dinitrophenylhydrazone of furfuraldehyde 
was prepared, dissolved in chloroform, and its concentration 
determined by differential spectrophotometry at 340 and 380 
mu. This solution was then used for the determination of radio- 
activity. 

3. Isolation of “Free” Adenylic Acids Present in Liver—After 
precipitation of the RNA by perchloric acid, as indicated above, 
the concentration of perchloric acid in the solution remaining 
after removal of RNA was increased to 6%. The resulting 
sediment was discarded and the free nucleotides present in the 
supernatant solution were adsorbed on activated charcoal 
(Norit A). The charcoal was washed thoroughly with water 
and the nucleotides were eluted according to the method of 
Cabib et al. (17). Nucleotide polyphosphates were hydrolyzed 
with 1 n hydrochloric acid at 100° for 10 minutes and the re- 
sulting nucleotide monophosphates were then separated by paper 
chromatography according to the procedure described by Kirby 
(13). After elution of the adenylic acid from the paper with 
0.1 n hydrochloric acid, the quantity of adenylic acid was deter- 
mined either by the method of Dische (9) or by measuring opti- 
cal density at 260 my. 

4. Isolation of Glucose from Blood and Glycogen from Liver— 
Glucose was isolated from blood, as described for urine, after 
proteins had been removed with 0.6 Nn perchloric acid. Glyco- 
gen was isolated from the perchloric acid extracts of liver ho- 
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mogenates by precipitation with ethanol and purified by several 
reprecipitations with ethanol. Glycogen was determined chemi- 
cally by the method of Nelson (8). 


Radioactivity Measurements 


The C* activity was determined in a gas flow counter using 
a mixture of helium and isobutane as quenching gas. All sam- 
ples were plated in infinitely thin layers on polyethylene planch- 
ets, 2.5 cm in diameter.? 


Treatment of Animals 


In the first experiment, each of four Sprague-Dawley rats 
weighing 182 + 5 g received a single intraperitoneal injection 
of 3 ue of cytidylic acid-U-C™ (specific activity, 0.265 we per 
umole). Each animal was given 9 mg of imidazole acetic acid 
intraperitoneally at the time of the injection of the labeled com- 
pound and again 6, 12, and 24 hours later and daily thereafter. 
The animals were housed in individual metabolism cages and 
were allowed to eat Purina fox chow and to drink water ad 
libitum. Urine was collected during the intervals between in- 
jections of imidazole acetic acid and one animal was killed 1, 3, 
5, and 7 days, respectively, after the start of the experiment. 

In the second experiment, each of 16 rats weighing 188 + 7 g 
was given intraperitoneally 3.65 ue (1.65 < 10° ¢c.p.m.) of glu- 
cose-U-C™ (specific activity, 0.42 ue per umole). Half of this 
group of rats was killed at the following time periods after in- 
jection: 12 and 24 hours, 3, 4, and 7 days. Two rats were killed 
each time except after 3 days when only one animal was used. 
Each of the remaining eight rats was given 9 mg of imidazole 
acetic acid intraperitoneally; in all but two rats this was ad- 
ministered immediately after glucose had been given. Two of 
this group of six rats were killed 12 hours later and the remain- 
der of the group at 1, 2, 4, and 7 days received additional doses 
of imidazole acetic acid according to the time schedule men- 
tioned in the first experiment. To the two rats not given imid- 
azole acetic acid immediately after the glucose, the drug was 
given 12 hours and 6 days later. These animals were killed 12 
and 24 hours, respectivel:, after administration of imidazole 
acetic acid. 


RESULTS 


The data obtained from the studies of rats treated by injec- 
tion with glucose-U-C™ are presented in Figs. 1 to 3. The spe- 
cific activity of urinary imidazole acetic acid (Fig. 1, Curve 1) 
decreased rapidly during the first day after injection of glucose- 
U-C4. The initial, steep decrease in the specific activity of 
ribosylimidazole acetic acid is assumed to parallel that which 
occurs in activity of glucose in the blood during the same time 
period. On the second day, the specific activities of glucose in 
the circulating blood (0.3 ¢.p.m. per wmole) and in the hepatic 
glycogen (0.5 c.p.m. per umole) were considerably lower than 
that of ribosylimidazole acetic acid. The specific activity of 


2 When the activity was very low, a correction factor for self- 
absorption was calculated by the following method. After the 
sample had been counted, a known amount of a C"*-containing 
compound with high specific activity was added to the planchet. 
The combined materials on the planchet were dissolved in water 
and counted again after drying. A correction factor was calcu- 
lated from the difference between expected counts and the two 
activities. This procedure appears to be more reliable than 
weighing planchets containing 1 to 5 mg of material. 
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Fic. 1. Specific activity (log c.p.m. per umole) versus time 
after injection of glucose-U-C™. Curve 1 represents urinary ribo- 
sylimidazole acetic acid; Curve 2, urea; and Curve 3, ‘‘free’’ liver 
adenylic acids. 
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Fig. 2. Specific activity (log c.p.m. per umole) versus time 


after injection of glucose-U-C™. Curve 4 represents RNA isolated 
from total liver; Curve 5, RNA from liver nuclei; Curve 6, RNA 
from liver microsomes and mitochondria; and Curve 7, soluble 
RNA from liver. 


urea (Curve 2) also fell rapidly and was lower than that of ribo- 
sylimidazole acetic acid after the second day. 

After the initial rapid fall, the slope of the curve of specific 
activity of ribosylimidazole acetate approximated that of “free” 
adenylic acids in liver (Fig. 1, Curve 3) as well as that of intes- 
tinal RNA (Fig. 3, Curve 8) although the specific activity of 
ribosylimidazole acetate was considerably lower. The plot of 
specific activity of intestinal RNA against time (Curve 8) reveals 
the presence of two components, one of which has a short turn- 
over time of less than 1 day. The turnover time of the other 
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Fig. 3. Specific activity (log c.p.m. per pwmole) versus time 
after injection of glucose-U-C'. Curve 8 represents RNA isolated 
from intestine; Curve 9, RNA from muscle; Curve 10, RNA from 
testes; Curve 11, RNA from spleen; and Curve 12, RNA from kid- 
ney. 


component corresponds to that found in the experiment with 
cytidylic acid. The specific activities of RNA isolated from 
different organs at various time periods are presented in Figs. 
2 and 3. The turnover times calculated for each organ are 
given in Table I. The subcellular fraction of liver nuclear RNA 
(Fig. 2, Curve 5) showed a very slow turnover. Microsomal- 
mitochondrial RNA (Curve 6) had a longer turnover time than 
soluble RNA (Curve 7). It is noteworthy that whereas the 
activity of soluble RNA decreased during the first day that of 
the microsomal RNA increases during this time period. 

The data obtained from the studies of rats injected with C™- 
labeled cytidylic acid are presented in Fig. 4. It is evident that 
the C activity of the urinary ribosylimidazole acetate decreased 
rapidly during the first day after the injection of cytidylic acid 
(Fig. 4, Curve 18). The specific activity of urinary ribulose and 
xylulose (Fig. 4, Curve 19) equals that of the ribosylimidazole 
acetic acid during the period between the first and the third day 
but is lower thereafter. The specific activity of cytidylic acid 
groups of liver and intestinal RNA (Curves 13 and 16) was about 
twice that of the respective uridylic acid groups (Curves 14 to 
17). The computed turnover times are presented in Table 1. 
Although each point on the Curves 13 to 17 in Fig. 4 is based on 
data obtained from only one rat, the different points on any one 
curve support each other. Furthermore, the turnover times 
computed from these data agree well with those computed from 
similar data obtained with the use of glucose-U-C™ (cf. Table I). 

It was ascertained experimentally that the administration of 
imidazole acetic acid in the doses given did not affect the specific 
activities of RNA isolated from the tissues. 
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TABLE I 
Turnover times of RNA isolated from various organs and from 
subcellular fractions of liver and of ‘‘free’’ adenylic 
acids isolated from liver 











Turnover times (days) 
Organ Component isolated Fas st ae ; 
nent |component' 
Liver Total RNA 7.6 
6.3! 
7.42 
Liver Nuclear RNA 20 
Liver Microsomes and _ mito-| 1 7.2 
chondrial RNA 
Liver Soluble RNA 1 5.7 
Intestine Total RNA a7 
3.6! 
0.5 4.2? 
Muscle Total RNA 17 
Kidney Total RNA 1 8.7 
Testes Total RNA 4.6 
Spleen Total RNA 2 5 
Liver Free adenylic acid 2.7 
2.33 














* All values are computed from the experiments with glucose- 
U-C" except as indicated: 

1 Value computed from the turnover curves of cytidylic acid in 
experiments with cytidylic acid-U-C*. 

2 Value computed from the turnover curves of uridylic acid in 
the experiment with cytidylic acid-U-C". 

3 Value computed from the turnover curve obtained in the ex- 
periment with cytidylic acid-U-C"™. 


DISCUSSION 


The discussion of the data presented is divided into three parts: 
(1) The rate of turnover of RNA in various organs and in sub- 
cellular fractions; (2) the source of the C™ activity in urinary 
ribosylimidazole acetate; and (3) the usefulness of the imidazole 
acetic acid “trap” to assess the rate of RNA catabolism. 

1. Rate of turnover of RNA in Various Organs and Subcellular 
Fractions—The plots of specific activity against time suggest 
that more than one metabolic component is present in at least 
three organs. Bendich et al. (18) and Bennett (19) with the use 
of other precursors of RNA reported data for the total RNA of 
liver and intestine from which we have computed the corre- 
sponding turnover times. The turnover time of total RNA in 
liver is 9 (18) and 10 (19) days, respectively, and, thus, is in 
reasonable agreement with our computed value of 7.6 days. The 
turnover time of intestinal RNA was 4.8 (18) and 5 (19) days 
which is reasonable agreement with our value of 3.9 days com- 
puted for the component having the slow rate of turnover. 

Muscle exhibited the slowest turnover of RNA among the 
organs studied. The turnover of the slower component which 
represents most of the RNA of kidney was similar to that of total 
liver RNA. The most rapid turnover of RNA was found in 


spleen, intestine, and testes. 


The findings regarding RNA turnover in three subcellular 
fractions of liver raise two questions. First, Smellie et al. (20) 
and Scholtissek (21) have observed a rapid turnover in certain 
fractions of nuclear RNA. The data reported here suggest that 
fractions of nuclear RNA also exist whose turnover is relatively 
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Fic. 4. Specific activity (log c.p.m. per umole) versus time 
after injection of cytidylic acid-U-C™. Curve 13 represents cy- 
tidylic acid; Curve 14, uridylic acid isolated from liver RNA; 
Curve 15, ‘free’ adenylic acids; Curves 16 and 17, cytidylic acid 
and uridylic acid isolated from intestinal RNA; Curve 18, urinary 
ribosylimidazole acetic acid; and Curve 19, urinary ribulose or 
xylulose. 


slow and whose replacement rates are similar to those of DNA. 
It seems thus possible that this fraction of nuclear RNA is re- 
placed only before mitosis. Our failure to observe fractions of 
nuclear RNA having a rapid turnover may have resulted either 
from metabolic loss of the isotopic label from such fractions at 
the time of investigation or from removal of such fractions in 
the course of the isolation. Second, the increase in the specific 
activity of microsomal RNA during the first day after injection 
of glucose-U-C™ may be due either to a transformation of soluble 
RNA to microsomal RNA or more likely to the absence from 
the microsomal fraction of small, newly formed microsomes that 
have a high isotope concentration. The specific activity in- 
creases when these microsomes have become large enough to be 
sedimented with the microsomal fraction. 

2. Nature and Source of C“ Activity—The nature of the source 
of C¥-activity in urinary ribosylimidazole acetic acid and its 
relationship to the intermediary metabolism of ribosyl com- 
pounds is discussed separately for each of the precursors used. 

a. Experiments with cytidylic acid-U-C™": Since the specific 
activity of ribosylimidazole acetate falls rapidly after injection 
of cytidylic acid-U-C%, it is apparent that the ribosyl moiety of 
cytidylic acid participates in a number of exchange reactions 
occurring at different rates and involving several ribosy]-contain- 
ing compounds. During the initial 12 hours, such exchange 
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reactions in conjunction with synthesis of RNA lead to an isotope 
dilution in the pools from which the ribosylimidazole acetate 
originates. During the subsequent 12 hours, RNA having a 
rapid rate of turnover, for example, RNA of spleen or intestine, 
may also contribute to the labeling of ribosylimidazole acetic 
acid. Assuming the C"-activities to reflect the rates of trans- 
ribosylation, it may be concluded that the transfer of ribosyl 
moieties occurs more readily between pyrimidine and pyrimidines 
than between pyrimidines and purines (22). 

b. Experiments with glucose-U-C“: The data in Figs, 2 and 
3 show that C™ from glucose-U-C™ soon appears in the “free”’ 
nucleotides and in tissue RNA thereby confirming a similar 
observation of Bernstein (23). Some of the C"-activity of glu- 
cose-U-C is also incorporated into the ribosyl moiety of ribosyl- 
imidazole acetate in agreement with similar observations by 
Hiatt (3). 

With the value reported by Feller et al. (24) for the size of the 
glucose pool in the rat, glucose in blood was calculated to have a 
specific activity of 1300 c.p.m. per umole after complete equili- 
bration with the injected glucose-U-C™. Similarly, it is possible 
to estimate the specific activity of ribosylimidazole acetic acid 
by extrapolating the curve of specific activity to time zero. The 
value so obtained is 350 ¢c.p.m. per umole. These calculated 
values indicate that the isotope dilution resulting from the meta- 
bolic conversion of glucose to ribosylimidazole acetate is small. 
This fact in conjunction with the rapid decrease in the specific 
activity of ribosylimidazole acetic acid during the first day may 
be considered evidence for a direct conversion of a portion of 
labeled glucose to ribosyl-containing compounds that, in turn, 
are precursors of ribosylim idazole acetic acid. It is likely that 
such precursors also contribute to the synthesis of tissue RNA 
and of the free nucleotide fraction. 

In contrast with the first day, “‘free’’ glucose and liver glycogen 
contributed little to the C™ activity of ribosylimidazole acetate 
during and after the second day since their respective isotope 
concentration had fallen to a very low level by that time. If 
one assumes that the spécific activity of urea is representative 
of the average C™ activity of carbon compounds in the body, 
then its low specific activity after the second day argues against 
the possibility that a significant fraction of the radioactivity in 
the ribosyl pool was derived from ribosyl moieties formed as a 
result of feed-back mechanisms involving either 2 and 3 carbon 
fragments or glucose. 

Because of their relatively slow turnover, RNA and free 
adenylic acids in the tissue contribute most of the C™ activity 
found in urinary ribosylimidazole acetate after the first day. 
Because of the differences between various tissues regarding the 
turnover time of RNA and free adenylic acids, the activity in 
urinary ribosylimidazole acetate originates from different tissue 
sources depending upon the time that has elapsed after injection 
of glucose-U-C™. During the first 2 days the breakdown of 
intestinal and splenic RNA provides a major portion of C-activ- 
ity whereas, subsequently, liver nucleotides, later RNA of liver 
and, finally, muscle constitute the main source of C™ for labeling 
the ribosylimidazole acetic acid. 

The ratio of labeled to nonlabeled material entering the ribosyl 
pool was computed to be 1:10 on the basis of data obtained for 
liver nucleotides and liver RNA for the third day. This time 
period of 3 days corresponds to the turnover time of all RNA and 
nucleotides in the body. Therefore, it may be assumed that 
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the specific activity of liver RNA and free adenylic acid as ob. 
served on the third day after injection of glucose-U-C" is repre. 
sentative of the average specific activity of body RNA and 
nucleotides in the body. 

3. Use of Ribosylimidazole Acetic Acid as a Ribosyl “Trap”— 
In the preceding paragraphs it is stated that urinary ribosyl- 
imidazole acetate is representative of the specific activity in the 
ribosyl pools. When the C* activity of glucose and other non- 
ribosyl-containing compounds has fallen to a negligible level 
after the injection of glucose-U-C™ or when equilibrium between 
labeled ribosyl donor and ribosyl pool has been obtained after 
injection of cytidylic acid-U-C™, the specific activity of ribosyl- 
imidazole acetic acid should reflect the rate of catabolism of RNA 
and free nucleotides. 

On the basis of an estimate of the daily ribose requirements 
for RNA and free nucleotide synthesis in the rat (about 250 
and 70 mg, respectively), it may be predicted that the administra- 
tion of relatively small amounts of a ribose acceptor, such ag 
imidazole acetic acid, has no effect on the metabolism of RNA. 
This has been verified experimentally. 


SUMMARY 


Glucose-U-C™ or cytidylie acid-U-C™, representing sources of 
ribosyl groups, were administered by injection into rats. Imid- 
azole acetic acid was given at the time of administration of the 
labeled compound and periodically thereafter. The C™ activity 
of the urinary ribosylimidazole acetate excreted during the first 
week after injection was determined. The animals were killed 
at various times and the specific C“ activity of the “free” ade- 
nylic acids of liver and of the ribonucleic acid (RNA) in various 
organs was measured. 

The values for the turnover time of RNA in various organs 
follow: liver, 7.2 days; intestine, 3.6 to 4.2 days; muscle, 17 days; 
kidney, 8.7 days; spleen, 5 days; and testes, 4.0 days. In the 
case of intestine, kidney and spleen, an additional RNA compo- 
nent with more rapid rates of turnover than that mentioned 
above was present. The turnover time of RNA isolated from 
liver nuclei was 20 days, whereas that of RNA in microsomal- 
mitochondrial and soluble RNA was 7.2 and 5.7 days. 

The C* present in the ribosylimidazole acetate excreted on the 
third day and thereafter appears to be derived mainly from the 
degradation of tissue RNA and to a lesser extent from the 
breakdown of the “free” nucleotides. 
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The deoxyribonucleic acids of the Escherichia coli bacterio- 
phage T2, T4, and T6 contain the pyrimidine nucleotide deoxy- 
5-hydroxymethyleytidylic acid and derivatives with one or two 
glucosyl groups substituted on the 5-hydroxymethy] group (1-3). 
In order to study the possible role of the triphosphates of these 
nucleotides in the biosynthesis of the phage deoxyribonucleic 
acid, we have prepared the triphosphates of the two compounds 
which predominate in T2 deoxyribonucleic acid, deoxy-5-hy- 
droxymethyleytidine triphosphate and deoxy-5-monoglucosyl 
hydroxymethyleytidine triphosphate. These preparations re- 
quired an expedient, large scale preparation of the deoxyribo- 
nucleic acid of T2 phage, isolation of the required nucleoside 
monophosphates, and synthesis of the di- and triphosphates by 
the procedure of Clark et al. (4). In the course of this investiga- 
tion, a convenient method was discovered for the preparation of 
crystalline deoxy-5-hydroxymethylcytidine monophosphate. This 
paper describes these procedures in detail. 


EXPERIMENTAL PROCEDURE 


Crystalline pancreatic DNase was obtained from Worthington 
Biochemical Corporation. Venom phosphodiesterase was pre- 
pared as previously described (5). T2Hr+ and E. coli B were 
obtained from the collection at the Biological Laboratory at 
Cold Spring Harbor, New York. The phage cultures were main- 
tained and titered by standard procedures (6). 

Total organic phosphorus was determined by digestion of the 
sample with perchloric acid (7) followed by measurement of the 
inorganic phosphate formed by means of a phosphomolybdate 
procedure with ascorbic acid as the reducing agent (8). 

Dibenzylphosphoramidate was prepared by the method of 
Atherton et al. (9). Benzyl hydrogen phosphoramidate was 
prepared from this intermediate by the method of Clark and 
Todd (10). 


* This study was supported by a grant-in-aid from the National 
Cancer Institute, United States Public Health Service. 

t Postdoctoral Fellow of the National Cancer Institute, United 
States Public Health Service, 1956 to 1958. 

t Present address, Research Laboratory, Hindustan Lever Ltd., 
Sewri, Bombay 15, India. 

1 Suggested modifications and precautions in this procedure are: 
The 2-ethoxyethanol used for the preparation of lithium benzyl- 
phosphoramidate must be peroxide-free and freshly redistilled. 
After the selective monodebenzylation of dibenzyl phosphor- 
amidate, the product, lithium benzylphosphoramidate, was col- 
lected by filtration, washed with anhydrous ethanol, and dried. 
The dry powder (2.0 g) was dissolved in 20 ml of boiling water and 
then 0.1 g of animal charcoal and 0.1 g of Celite 545 were added. 
The hot solution was filtered on a Celite pad. The filtrate was 
concentrated by bubbling a stream of air through the contents of 


RESULTS 

Preparation of DNA of T2 Bacteriophage—E. coli B was grown 
with moderate aeration to a titer of 10° cells per ml in 12 liters 
of Fraser’s glycerol-casamino acid medium (11) at 37°. At this 
point 10° T2Hr+ phage per ml of medium were introduced, and 
vigorous aeration through four sintered glass gas dispersion tubes 
was started. Foaming was controlled by means of Dow-Corning 
Antifoam A. Between 5 X 10" and 10” infectious phage par- 
ticles per ml were present after 7 hours of aeration. Crystalline 
pancreatic DNase (0.5 mg) was dissolved in a small volume of 
salt solution and was added to the culture. After the culture 
was stirred vigorously, it was kept at room temperature for 
several hours, and was then stored at 5° overnight or longer. 
Subsequent operations were conducted at 5°. 

The bacterial debris was removed by centrifugation (4500 x g 
for 20 minutes). The supernatant solution was adjusted to pH 
3.0 with 5 n HCl. At this point the phages had visibly coagu- 
lated and could be removed by low speed centrifugation. The 
phage precipitate was suspended in 500 ml of a solution 0.1 m 
with respect to sodium chloride and 0.001 m with respect to 
sodium citrate, and the pH was adjusted to 9.0 with 1 m NH,OH. 
After homogenization for 10 seconds in a Waring Blendor, the 
suspension was added slowly and with vigorous stirring to 900 
ml of 1% sodium dodecyl sulfate (12). The solution was stirred 
at room temperature for 2 hours and again cooled to 5°. The 
solution was adjusted to pH 6.0 with 5 n HCl, 375 ml of 4.5 
NaCl solution were added, and the precipitate was removed by 
centrifugation (5000 x g for 30 minutes). (If at this point, the 
solution was too viscous for convenient centrifugation, it was 
diluted with sodium chloride-sodium dodecyl sulfate solution). 
The DNA in the supernatant solution was precipitated by addi- 
tion to an equal volume of ethanol and was washed with 70% 
ethanol. The DNA precipitate was dissolved in 1000 ml of 1 m 
sodium chloride and any protein remaining in the solution was 
removed by the procedure of Sevag et al. (13). The DNA solu- 
tion was again precipitated with ethanol, washed with several 
portions of aqueous ethanol of increasing ethanol content, and 





the vessel maintained at 100° by a boiling water bath. When 
crystals appeared, the solution was cooled on an ice bath and fil- 
tered. A second crop of crystals was obtained by further concen- 
tration of the filtrate in a similar manner. The purified lithium 
benzylphosphoramidate was dissolved in 10 times its weight of hot 
water and the solution was filtered while hot. A volume of con- 
centrated HCl equal to 0.1 the original solvent volume was added, 
and the solution was immediately cooled in anice bath. After 15 
minutes the crystalline benzyl hydrogen phosphoramidate was 
collected by filtration and was dried for several hours over calcium 
chloride. 
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air dried at room temperature: The mass of the DNA pre- 
cipitate from each culture was approximately 3 g. Since no 
deoxycytidine monophosphate (dCMP) was found when a 
sample of this DNA was digested with deoxyribonuclease and 
venom phosphodiesterase and analyzed by ion exchange chroma- 
tography, it may be assumed that the product was free from 
bacterial DNA. Some unidentified insoluble material separates 
from the reaction mixture during the deoxyribonuclease digestion. 
This precipitate is the only extraneous material (other than 
water) which has been noted in this preparation, and its presence 
does not interfere with the intended use of the DNA. A typical 
sample contained 7.0% of phosphorus and had a molar absorb- 
ancy index (a,) based on phosphorus content of 6610 at 260 mu 
and at pH 7.5. 

Preparation of dH MP? and Glucosyl-dHMP from T2 Bacterio- 
phage DNA—DNA of T2 bacteriophage (7.6 g) was dissolved in 
760 ml of a solution 0.01 mM in magnesium acetate and contain- 
ing 7.6 mg of pancreatic DNase. The pH was maintained at 
6.5 for a period of several hours by the addition of 0.5 m NaOH 
The pH was then adjusted to 8.8, 81,500 units of venom phos- 
phodiesterase were added, and the pH was maintained at 8.8 
until liberation of acid ceased. The digest was added to a 
column of Dowex 1-8X formate resin (2 cm in diameter x 20 
em in length; 200 to 400 mesh resin). Elution of glucosyl- 
dHMP and dHMP was accomplished with 0.01 mM ammonium 
formate buffer pH 3.7 (3500 ml), and with 0.015 m ammonium 
formate buffer pH 3.7 (1600 ml), respectively. 

The desired fractions were pooled, evaporated to dryness in a 
rotary evaporator, and the ammonium formate was removed by 
sublimation in a vacuum at room temperature at a pressure of 
less than 10-? mm of Hg. The salt-free glucosyl-dHMP (260 
pmoles) was dissolved in water and stored frozen. Salt-free 
dHMP (330 ywmoles) was suspended in 8.0 ml of water and 
brought into solution by adjustment of the pH to 5.0 with am- 
monium hydroxide. The solution was filtered, adjusted to pH 
3.0 with 1 m HBr, and was cooled in an ice bath with occasional 
stirring. Microscopic needles of crystalline dHMP separated 
within a few hours. The crystals were removed by filtration, 
redissolved at pH 5 and recrystallized at pH 3. (At pH 3, 
crystalline dHMP has a solubility of approximately 4.5 umoles 
per ml. A second crop of crystals can be readily obtained from 
the mother liquors by concentration of the solution at pH 5 and 
crystallization at pH 3.) 


C,oHisOsN;3P (anhydrous, inner salt) 
Calculated: N 12.50 P 9.23 
Found: N 12.71 P 9.15 


Preparation of Di- and Triphosphates of Deoxy-5-hydroxy- 
methylcytidine and Deoxy-5-glucosyl-hydroxymethylcytidine—T he 
di- and triphosphates were prepared from dHMP and glucosy!- 
dHMP by the procedure of Clark et al. (4) with modifications 
designed to facilitate the preparation and isolation of small 
amounts of product. In this procedure, phosphorylation is ac- 
complished by means of the compound, benzyl hydrogen phos- 
phoramidate. The above authors found that this reagent reacts 
selectively with phosphate groups making it unnecessary to use 

2The abbreviations used are: dHMP, dHDP, dHTP, the 5’- 
mono-, di-, and triphosphates, respectively, of deoxy-5-hydroxy- 
methyleytidine; glucosyl-dHMP, glucosyl-dHDP, glucosyl-dHTP, 
the 5’-mono-, di-, and triphosphates, respectively, of the mono- 


glucosyl derivative of deoxy-5-hydroxymethyleytidine which is 
present in the DNA of T2 bacteriophage. 
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protective groups on the hydroxyl groups of the nucleotide. We 
have found that the products of this phosphorylation can be 
conveniently separated in very small scale preparations (i.e. 1 
umole or more of starting material) by means of ion exchange 
chromatography on anion exchange resin in the bromide form. 
Elution is effected by means of a lithium bromide solution main- 
tained at the desired pH by means of lithium acetate-acetic acid 
buffer. The column eluates are evaporated to dryness, the last 
traces of moisture are removed in high vacuum, and the in- 
organic salts are separated from the nucleotide by solution into 
anhydrous ethanol. The high affinity of the bromide ion for the 
Dowex | resin makes it ideally suited for the elution and separa- 
tion of nucleoside di- and triphosphates. However, for the same 
reason, it cannot be used for separations of various monophos- 
phates. Similar ion exchange procedures have been described in 
which lithium chloride was utilized as eluant. The solubility of 
lithium chloride in methanol-acetone mixtures permitted its 
separation from the nucleotide which is insoluble in this reagent 
(14). 

In a typical preparation of dHDP, 42 umoles of crystalline 
dHMP were added to 1.0 ml of water. After the addition of 1 
drop of tributylamine, the mixture was shaken vigorously, and 
the excess amine was removed by extraction with ether. The 
aqueous solution was evaporated to dryness over anhydrous 
calcium chloride at a pressure of 30 mm of Hg. The residue 
was suspended in a small volume of anhydrous redistilled di- 
methylformamide, and the solvent was removed by evaporation 
over anhydrous calcium chloride at a pressure of 1 mm of Hg. 
The glassy residue was suspended in 6 ml of dimethylformamide, 
33 mg (170 umoles) of benzyl hydrogen phosphoramidate were 
added, and the mixture was heated to 80° for 4 hours with oc- 
casional stirring. The reaction mixture was evaporated to dry- 
ness, and the residue was dissolved in 4 ml of water. Hydro- 
genolysis was carried out by vigorous stirring under hydrogen 
at atmospheric pressure in the presence of 4 mg of palladium 
oxide catalyst. After hydrogen uptake had ceased (5 hours), the 
catalyst was removed by centrifugation. The supernatant solu- 
tion was added to a Dowex 1-8X bromide ion exchange column 
(1 cm in diameter X 10 cm in length; 200 to 400 mesh resin). 
Elution with a solution 0.01 m in respect to lithium acetate buffer, 
pH 4.3, and 0.01 M in respect to lithium bromide removed un- 
reacted dHMP in the first 80 ml of effluent. dHDP (48% yield) 
appeared in a fraction at an effluent volume of 900 to 1700 ml. 
Under these conditions of chromatography, any benzyl derivative 
of dHDP which is present because of incomplete hydrogenolysis 
will be more strongly bound to the resin than is dHDP. The 


‘“dHDP solution was evaporated to near dryness in a rotary 


evaporator. The thick syrup remaining was distributed evenly 
over the wall of the 2-liter evaporation flask, and the flask was 
attached to a vacuum system with a Dry-Ice trap and was 
cautiously evacuated. After the lithium bromide had crystal- 
lized and the bulk of the water had evaporated, evacuation was 
continued for 2 days at a pressure of 20 w of Hg or less. The 
flask was removed from the system and the contents were ex- 
tracted with 30 ml of anhydrous ethanol. The flocculent nucleo- 
tide precipitate was collected by centrifugation and was washed 
twice with 30-ml portions of ethanol. The nucleotide precipitate 
was dried, dissolved in water, and the solution was stored frozen 
at —20°. 

The above procedure for the chromatography and isolation of 
nucleoside di- and triphosphates has been applied to many dif- 
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Fig. 1. Fractionation of the mixture resulting from the reac- 
tion of dHDP with benzyl hydrogen phosphoramidate. Column, 
Dowex 1-8X bromide (3 mm in diameter X 10 cm in length; 200 to 
400 mesh resin). A, 0.01 m lithium acetate buffer, pH 4.3 + 0.04 
M LiBr. B, 0.01 m lithium acetate buffer, pH 4.3 + 0.1 m LiBr. 
Fraction A, unreacted dHDP; Fraction C, dHTP; Fraction B, 
unidentified nucleotide (see text). 


TaBLeE I 


Ultraviolet extinction and phosphorus analyses of deoxy-5- 
hydrozymethylcytidine nucleotides 














Compound “4 PTO ma, OH 1) | Labile P*:total P 
Gas blends Oe 8000 
MN htainsidiudse coupes 3740 0.47 
se sexctci sls b> dark UES sid iar 2480 0.63 
glucosyl-dHMP............... 8200 
glucosyl-dHDP.............. 3770 0.49 
glucosyl-dHTP.............. 2480 0.62 





* Labile phosphorus was measured by analysis of inorganic 
orthophosphate released by hydrolysis of the compound in 1 M 
HCl for 7 minutes at 100°. 


ferent compounds of this class. If the salt mixture from the 
column has been properly dried in a vacuum, less than 15 mu- 
moles of nucleotide will be lost per ml of the first ethanol wash 
solution. The subsequent ethanol washes rarely dissolve a 
quantity of nucleotide which is detectable by ultraviolet absorp- 
tion. 

For the preparation of dHTP, 12.4 umoles of the lithium salt 
of dHDP were converted to the tributylammonium salt by 
passage in aqueous solution through a Dowex 50-4X tributyl- 
ammonium ion exchange column (2 mm in diameter X 18 em in 
length; 200 to 400 mesh resin). Phosphorylation was conducted 
in 1 ml of dry dimethylformamide by heating the diphosphate 
for 4 hours at 80° in the presence of 7 mg (36 uwmoles) of benzyl 
hydrogen phosphoramidate. Hydrogenolysis was carried out in 
4 ml of an aqueous solution of the product in the presence of 2 
mg of pafladium oxide. After hydrogenolysis, chromatography 
of the product was conducted as illustrated in Fig. 1. Fraction 
A (47% yield) represents unreacted starting material. Fraction 
B (9.4% yield) is a compound with an absorbancy of 2400 per 
mole of phosphorus at 270 mu, pH 1. It has a spectrum in 
acid which resembles that of deoxy-5-methyleytidylic acid. This 
compound may be formed by a reaction analogous to that which 
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has been applied to the conversion of hydroxymethyl deoxy- 
uridine to thymidine (15, 16). Fraction C (25% yield) was iden- 
tified as (HTP by absorption spectrum and phosphorus analysis, 
The ratio A0/A20 at pH 1 for the isolated fractions was: Frac- 
tion B, 3.36; Fraction C, 2.62. By comparison, the correspond- 
ing ratios for deoxy-5-methylceytidylic acid (17) and dHMP are 
3.45 and 2.62, respectively. The small fractions eluted after 
dHTP have not been characterized. 

The contents of the tubes of Fraction C (4HTP) were com- 
bined, evaporated to dryness, and dried under high vacuum as 
described above for dHDP. The inorganic salts were extracted 
with 4-ml portions of anhydrous ethanol. 

By similar procedures glucosyl-dHDP was prepared from the 
monophosphate in 61% yield, and glucosyl-dHTP was prepared 
from the diphosphate in 46% yield. The ion exchange chroma- 
tograms of these substances revealed no compounds other than 
starting material and product. Analysis of glucosyl-dHTP for 
the presence of the glucose moiety by means of the Dische 
cysteine test (18) revealed that, within the limits of accuracy 
of this test, one mole of glucose was present per mole of nucleo- 
tide. Phosphorus analyses of these substances are presented in 
Table I. 


SUMMARY 


A procedure is described for the rapid preparation of the deoxy- 
ribonucleic acid of T2 bacteriophage in gram quantities. From 
this deoxyribonucleic acid, the nucleotides deoxy-5-hydroxy- 
methyleytidylic acid and its monoglucosyl derivative have been 
isolated. Deoxy-5-hydroxymethyleytidylic acid is readily iso- 
lated as the crystalline inner salt. The nucleoside di- and 
triphosphates of these nucleotides have been synthesized by 
chemical phosphorylation. The phosphorylations and the ion 
exchange separations have been carried out with amounts of sev- 
eral micromoles of starting material. 
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In previous communications we have briefly described the 
properties of a deoxycytidine triphosphate-cleaving enzyme 
(deoxycytidine triphosphatase) which appears in Escherichia coli 
cells after infection with bacteriophage T2 (1, 2). The presence 
of this enzyme was first noted because of its property of excluding 
dCTP! as a substrate for the deoxyribonucleic acid polymerase 
present in cell-free enzyme preparations of EZ. coli infected with 
T2 phage. Since cytosine is not found in the deoxyribonucleic 
acid of T2 phage and is replaced by 5-hydroxymethylcytosine 
and a glucoside of this compound (3-5), it is probable that the 
dCTPase has an important role in vivo in effecting this change 
of composition of the deoxyribonucleic acid after phage infection. 
This enzyme has also been observed by Kornberg et al. (6, 7), 
because of its property of destroying the dCTP formed by the 
dCMP kinase which presumably supplies this substrate for the 
synthesis of deoxyribonucleic acid of E. colt. 

Other enzymes related to phage DNA synthesis have also been 
found which are present probably only after phage infection 
(7-12). The mode of formation of these enzymes and the pos- 
sibility that they may represent the product of new genetic 
information introduced into the bacterial cell with the invading 
phage make them of great interest in the study of the bio- 
chemistry of phage infection. This paper presents in detail our 
studies on the DNA polymerase system which led to the dis- 
covery of the dCTPase, studies on the partial purification and 
the properties of the latter enzyme, and studies on its apperance 
in the system after phage infection. 


EXPERIMENTAL PROCEDURE 


dCMP, dTMP, dAMP, and dGMP were obtained from the 
California Corporation for Biochemical Research. Crystalline 
pancreatic RNase was obtained from Armour and Company. 
The preparation of dHMP and glucosyl-dHMP and their phos- 
phorylation to dHTP and glucosyl-dHTP are described elsewhere 
(13). dCDP, dTTP, and dGTP were prepared by procedures 
identical to those described for dHTP. dGTP was also pre- 


* This study was supported by a grant-in-aid from the National 
Cancer Institute, United States Public Health Service. 

t Postdoctoral Fellow of the National Cancer Institute, United 
States Public Health Service, 1956 to 1958. 

'The abbreviations used are: dCTP, deoxycytidine triphos- 
phate; dHMP, dHTP, the 5’-mono- and triphosphates, respec- 
tively, of deoxy-5-hydroxymethyleytidine; glucosyl-dHMP, glu- 
cosyl-dHTP, the 5’-mono- and triphosphates, respectively, of the 
monoglucosy] derivative of deoxy-5-hydroxymethyleytidine which 
is present in the DNA of T2 bacteriophage. 


- was added 0.8 ml of 1 m HCl. 


pared enzymatically by the procedure of Hecht et al. (14). 
dATP and dCTP were prepared by this enzymatic procedure. 

Preparation of C\*-Labeled Deoxynucleotides—Uniformly labeled 
C'*-deoxynucleotides were prepared from DNA of the autotrophic 
organism Thiobacillus denitrificans (15). The organism was 
isolated from local river water by inoculation into the culture 
medium described by Baalsrud and Baalsrud (16). The isolated 
organism was plated and obtained in pure culture. It was 
identified by microscopic appearance and by growth and de- 
nitrification in the growth medium. This organism has been 
maintained in refrigerated liquid culture by transfer and growth 
in fresh medium every 2 months. 

For preparation of labeled DNA an inoculum of the organism 
was added to 700 ml of medium identical to that described by 
Baalsrud with the exception that 420 mg total of sodium bi- 
carbonate containing 23 me of C™ were present. The incubation 
flask was provided with a tube connected to a trap containing 
KOH solution and with an inlet tube (closed during the incuba- 
tion) for bubbling nitrogen gas through the medium after incuba- 
tion. Complete growth as judged by cessation of the bubbling 
of gas through the KOH solution, was achieved after a few days 
at 30°. After sweeping the flask with nitrogen gas to remove all 
residual radioactive CO2, the organisms were harvested by cen- 
trifugation at 20,000 x g and lysed by the addition of 7.5 ml of 
0.1 m NaOH. The resulting suspension was incubated for 4 
hours at 37° to hydrolyze the RNA and the insoluble fraction 
was removed by centrifugation. The supernatant solution was 
adjusted to pH 7 with 1 m HCl and was then heated to 80° for 
20 minutes. At room temperature 0.5 ml of 1 m NH,OH was 
added, and the solution was saturated with NaCl added as the 
solid salt. The suspension was cooled to 5° and the precipitate 
was removed by centrifugation. To the supernatant solution 
The resulting precipitate was 
collected by centrifugation, washed with 4 ml of 0.1 m HCl, and 
dissolved in 2 ml of 0.05 m NH,OH. This solution contained 
the DNA of the organism plus some other unidentified radioactive 
material. Hydrolysis of the DNA fraction with pancreatic 
deoxyribonuclease and venom phosphodiesterase followed by ion 
exchange chromatography of the digest (17) yielded the four 
deoxynucleotides free from contaminating activity. The bulk 
of the organic carbon in the other fractions can be recovered as 
carbonate by oxidation by the procedure of Van Slyke e¢ al. (18). 
In a typical preparation, the percentages of the added C™ ap- 
pearing in the various fractions described were as follows: evolved 
CO2, 16%; in the medium, 8%; in the organism, 68%; in the 
supernatant solution after addition of NaCl, 15%; in the pre- 
cipitate, after addition of HCl, 3%; as deoxynucleotides, 1.2%. 
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RESULTS 


Studies of DNA Polymerase Activity of Normal E. coli Cells 
and of Cells Infected with T2 Phage 


Lehman et al. (19) have shown that if a preparation of the 
DNA polymerase of £. coli is incubated with a solution contain- 
ing magnesium ion and a suitable DNA primer, synthesis of 
DNA proceeds only in the presence of four appropriate deoxy- 
nucleoside triphosphates, e.g. dCTP, dTTP, dATP, and dGTP. 
This property of the polymerase system of the normal bacterial 
cells was utilized in the present study to detect possible metabolic 
changes after phage infection which could account for the altered 
composition of the phage DNA. Thus, if dATP, dGTP, and 
C-labeled dTTP were supplied to an incubation mixture con- 
taining enzyme preparations from either uninfected or phage- 
infected E. coli, no radioactivity should appear in the acid- 
insoluble DNA fraction unless an additional suitable substrate 
was also included in the incubation medium. Actually it has 
been found that even with the crude enzyme system present in 
extracts of disrupted cells, the incorporation of the label into the 
acid-insoluble fraction in the presence of only three deoxynucleo- 
side triphosphates was small or negligible in comparison to the 
radioactivity incorporated in the presence of all four substrates. 
By determining the effect of various possible nucleotide pre- 
cursors upon this incorporation of C“ from C4-dTTP, any 
changes in the metabolic pattern occurring after phage infection 
could be detected. 

The DNA polymerase assay is a modification of the procedure 
of Lehman et al. (19) in which the incorporation of radioactive 
deoxynucleoside triphosphate into acid-insoluble material is 
measured. Each incubation mixture, of 0.3-ml total volume, 
contained enzyme, calf thymus DNA, 5 ug; T2 phage DNA, 
5 wg; Tris-acetate buffer pH 8.8, 20 umoles; magnesium acetate, 
1 pmole; and deoxynucleoside triphosphate substrates. In all 
cases, except when otherwise noted, these included dATP, 5 
myumoles; dGTP, 5 mumoles; and C-labeled dTTP, 5 mumoles; 
total radioactivity, 2500 c:p.m. as measured by the gas flow 
counter. dCTP, dHTP, and glucosyl-dHTP were supplied as 
noted in the experiments. All vessels were incubated at 37° for 
30 minutes. They were then chilled in ice, 50 ul of DNA solu- 
tion (1 mg per ml) were added as carrier, and the acid-insoluble 
material was precipitated by the addition of 0.7 ml of 3.5% 
HClO,. The precipitates were collected by centrifugation 
(700 X g for 30 minutes) in the cold and washed twice by sus- 
pension in 1-ml portions of cold 3.5% HClO, followed by cen- 
trifugation (700 X< g for 10 minutes). The washed precipitates 
were dissolved in 1 ml of 0.2 m NH,OH and any remaining in- 
soluble material was removed by centrifugation (700 x g for 30 
minutes). The supernatant solutions were transferred to other 
tubes, and the precipitation and washing procedures of the DNA 
precipitate described above were repeated with the exception 
that the final wash of the DNA precipitate was made with 0.1% 
HCl0Q,. The final washed precipitates were then dissolved in 
0.3 ml of 0.2 m NH,OH, and the solutions were applied to alumi- 
num planchets and dried. The radioactivity of each sample was 
determined by the measurement of the time for 1000 counts on 
the Nuclear-Chicago automatic gas flow thin window counter. 

In all experiments the radioactivity precipitated from the 
incubation vessels was compared with that obtained from an 
unincubated control vessel. This control was in no experiment 
found to contain radioactivity in an amount greater than 5 c.p.m. 
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over the natural counter background of 15 c.p.m. The addi- 
tional radioactivity present was constant in a given experiment 
within 1 to 2 c.p.m. in duplicate samples and was probably due 
to adsorption of radioactive substrate to the carrier since the 
radioactivity of this control was not influenced by the amounts 
of the enzyme or of unlabeled substrates present. All samples 
were corrected for this amount of radioactivity. 

Preparation of Cell-free Extracts of E. coli and of T2-infected 
E. coli—E. coli B was grown with vigorous aeration at 37° in 
Fraser’s glycerol-casamino acid medium (20) until the cell count 
was 10° per ml. The cell count as determined by measurement 
of absorbancy at 650 my was related to plate counts of the 
organism. When proper growth was attained, one-half of the 
culture was removed and was cooled to 0° by addition of one-half 
the sample weight of ice. The remainder of the culture was 
infected with T2 phage to a multiplicity of 5 infectious particles 
per cell and aeration was continued for 16 minutes. This por- 
tion of the culture was then removed and cooled to 0° by the 
addition of ice. The uninfected and infected cells were harvested 
by centrifugation, washed by suspension in fresh Fraser medium, 
and were again collected by centrifugation into weighed tubes. 
The wet weight of each sample of cells was determined. The 
cells were then cooled to —20° and were disrupted at this tem- 
perature by means of a Hughes press (21). To the disrupted 
cell preparations was added sufficient cold 0.02 m Tris-acetate 
buffer pH 7.5 that each milliliter of the resulting suspension 
would represent the material from 6 X 10° cells. The sus- 
pensions were dispersed by means of a rotating pestle homog- 
enizer. The suspensions were then clarified by centrifugation 
(20,000 x g for 1 hour). The supernatant solutions comprise 
the uninfected and phage-infected cell extracts used in the ex- 
periments to be described. These extracts proved to be stable 
for at least 1 week if stored at 5°. 

Under the conditions of infection described, all infected cells, 
or at least 90%, were capable of producing phage. This was 
also true if the cells were infected to twice the multiplicity used 
for these experiments. The wet weight of the mass of infected 
cells was greater than that of the uninfected cells, but the protein 
recovered per cell was equal in the two cell-free extracts. This 
indicates that no gross lysis or protein leakage had occurred in 
the infected cell preparation although some swelling of these cells 
had taken place. 

Effect of Enzyme Extract Concentration on DNA Polymerase 
Assay—In the presence of dATP, dGTP, and C-labeled dTTP, 
DNA synthesis was observed under the usual assay conditions 
upon the addition of dHTP plus extract of either uninfected or 
infected cells. Fig. 1 summarizes the results of experiments on 
the measurement of optimal enzyme level for DNA synthesis 
at two levels of concentration of dHTP. The reason for the 
severe inhibition of DNA synthesis by an excess of the infected 
cell extract has not been determined by direct experiment. 
Possibly it is correlated with the release of DNase inhibition 
which has been noted after phage infection (22, 23). 

In the experiment presented in Fig. 1, a given amount of 
extract of infected cells at the proper concentration was two to 
three times more active in catalyzing DNA synthesis than was a 
corresponding amount of extract from uninfected cells. We have 
not been able to obtain the larger increase of activity noted by 
Kornberg et al. (7), nor have we noted any difference between 
the action of heated and unheated primer observed by these 
workers. These discrepancies may be explained by possible 
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VOLUME OF ENZYME EXTRACT (pL) 
Fic. 1. Effect of concentration of extracts of E. coli and of E. 


coli infected with T2 phage on DNA synthesis. 
tracts of uninfected Z. coli cells. 
infected with T2 phage. 
mymoles per incubation vessel. 
1 mumole per incubation vessel. 


O indicates ex- 
X indicates extracts of E. coli 
indicates a dHTP level of 5 
—--- indicates a dHTP level of 
Enzyme extracts were prepared 
as described in the text. The volume of each incubation mixture 
was 0.3 ml. In addition to dHTP there were present in each ves- 
sel 5 mumoles each of dATP, dGTP, and C-labeled dTTP (2500 
c.p.m.). Other incubation and assay conditions are described in 
the text. 





DNase action on the primer in our unpurified enzyme system. 
This would be consistent with the postulate that the inhibition 
of polymerase action noted at high extract concentration is due 
to this contaminating enzyme. However, no direct evidence in 
support of this hypothesis has been obtained. 

Substrate Requirements of DNA Polymerase—In Fig. 2 are 
presented the results of a measurement of the effect of concentra- 
tion of dHTP upon the level of DNA synthesis in the presence 
of a specified constant amount of infected cell extract. The 
enzyme concentration chosen was slightly less than that at which 
dHTP is utilized at a maximal rate. Under these conditions, 
maximal stimulation of DNA synthesis was achieved when | 
mymole of dHTP was added to 0.3 ml of incubation mixture. 

The relatively poor stimulation of the DNA polymerase system 
by the addition of glucosyl-dHTP is also illustrated in Fig. 2. 
Similar results have been observed with this substrate when a 
variety of DNA polymerase preparations, including the partially 
purified enzyme obtained by the chromatographic procedure 
described below, was used. It has not been determined whether 
the small stimulation of DNA synthesis noted with this sub- 
strate is caused by actual incorporation of the glucosyl-dHTP 
into DNA or whether the preparation is slightly contaminated 
with dHTP either initially or by enzymatic action on the glucosy! 
derivative. These effects could be distinguished by the use of 
carbon-labeled glucosyl-dHTP. In an incubation mixture con- 
taining both glucosyl-dHTP and dHTP, the DNA synthesis was 
equivalent to that obtained when the enzyme was incubated 
without glucosyl-dHTP. Thus, dHTP and glucosyl-dHTP did 
not act synergistically in stimulating the synthesis of DNA. 
Likewise, glucosyl-dHTP did not inhibit the enzymatic synthesis 
of DNA from dHTP and the other nucleoside triphosphates.” 

In the presence of dHTP, dATP, and C-labeled dTTP alone, 
DNA synthesis was extremely small or nonexistent as was the 
case when dATP, dGTP, and C-labeled dTTP alone were 


2 Experiments conducted by Dr. John S. Wiberg. 
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present. In the former case, synthesis could be restored by the 
addition of dGTP which was prepared either by the chemical or 
enzymatic phosphorylations of the nucleoside monophosphate. 
The comparable activity of these two samples of dGTP is con- 
sidered as evidence that the chemical and enzymatic phosphoryla- 
tion procedures lead to the preparation of a common active 
product. This evidence supports the validity of this synthetic 
procedure for the preparation of the 5’-triphosphates not avail- 
able by enzymatic methods, e.g. dHTP and glucosyl-dHTP. 

In Table I are the results of experiments in which dCTP and 
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Fic. 2. Effect of the addition of dHTP and glucosyl-dHTP on 
DNA synthesis by an extract of E. coli cells infected with T2 
phage. Added substrates: ———-dHTP; ----glucosyl-dHTP. 
All incubation vessels contained, in 0.3-ml volume, 5 mumoles each 
of dATP, dGTP, and C-labeled dTTP (2500 c.p.m.). In each 
vessel were also present 2 ul of an enzyme extract prepared from 
E. coli infected with T2 phage. Incubation conditions and prep- 
aration of enzyme extract are described in the text. 


TABLE [I 


Comparison of dCT P* and dHTP as substrates for DNA polymerase 
of extracts of cells of E. coli and of E. coli infected with phage T2 
All vessels contained 5 mumoles each of dATP, dGTP, and C*- 

labeled dTTP (2500 c.p.m.). Magnesium ion, buffer, DNA of T2 
phage and calf thymus, and the specified enzyme extract were 
present under the conditions described in the text. Incubation 
volume was 0.3 ml. In addition, 1 mumole of dCTP or dHTP 
was added when specified in the Table. 








_Radioactiv- 
ity incorpor- 
Added substrate Enzyme preparation ated into acid 
insoluble 
material 
c.p.m. 
dCTP 4 ul of extract of uninfected cells 35 
dHTP 4 wl of extract of uninfected cells 41 
None 4 ul of extract of uninfected cells 6 
dCTP 1.3 ul of extract of infected cells 8 
dHTP 1.3 wl of extract of infected cells 38 
None 1.3 ul of extract of infected cells 0 
dCTP 4 wl of uninfected cell plus 1.3 yl of in- 4 
fected cell extract 
dHTP 4 wl of uninfected cell plus 1.3 ul of in- 40 
fected cell extract 
None 4 wl of uninfected cell plus 1.3 yl of in- 0 
fected cell extract 














* dCTP, deoxycytidine triphosphate. 
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dHTP were compared for their effectiveness in the promotion 
of DNA synthesis. It is evident that the addition of dHTP 
results in DNA synthesis with enzyme extracts from either un- 
infected or phage-infected cells, but that dCTP is effective only 
when the enzyme extract is prepared from uninfected cells. The 
nonutilization of dCTP by the extract from infected cells might 
be thought to be due to a change of the substrate specificity of 
the DNA polymerase after phage infection. In this case, it 
would seem necessary that the original polymerase should be 
removed or inhibited by some mechanism. On the other hand, 
the results could be explained by an alternative mechanism in 
which dCTP is removed as a substrate in some specific manner. 
This second explanation is supported by the data presented in 
Table I. It is observed that if enzyme preparations from in- 
fected and uninfected cells are both added to the incubation 
mixture, the utilization of dCTP is still selectively suppressed 
although a DNA polymerase reactive with dCTP is now known 
to be present. That this suppression is due to specific enzymatic 
attack upon dCTP was supported by experiments in which the 
action of the enzyme on other nucleoside triphosphates was 
studied. Although the other triphosphates were slowly degraded 
to diphosphates and nucleosides under these conditions, dCTP 
was rapidly converted todCMP. This latter enzymatic activity 
could not be detected in uninfected cell preparations. 


Studies on dCTP-cleaving Enzyme of E. coli 
Infected with T2 Phage 


Properties of dCT Pase and Conditions for Assay—The dCTP- 
cleaving enzyme of phage-infected cells was found to degrade 
dCTP to dCMP, but it was inactive with dCDP as substrate. 
This observation suggested that the degradation takes place by 
a single enzymatic step. The pH optimum for the degradation 
of dCTP is approximately 9.5. Magnesium ion is essential for 
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Fig. 3. Hydroxylapatite column chromatography of partially 
purified extract of EZ. coli cells infected with T2 phage. ‘ 
Aso of effluent. ----, dCTPase activity. An enzyme activity 
of 1.0 corresponds to 3.2 units of dCTPase per ml of column efflu- 
ent. Cross-hatching, DNA polymerase activity. An enzyme ac- 
tivity of 1.0 corresponds to the incorporation of 20 c.p.m. of C!4- 
labeled dTTP into DNA when 10 ul of column effluent solution are 
assayed. Conditions of the chromatography and assays are de- 
scribed in the text. The DNA polymerase assay is nonlinear and 
the assay levels reported here can be related only semiquantita- 
tively to the amount of this enzyme. 
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activity. At pH 9.5, a magnesium ion concentration of 0.003 y 
results in more than 90% of maximal activity obtained at higher 
concentrations of the ion (.01 M) whereas the activity is dimin- 
ished to 66% of maximum at a concentration of 0.001 M. The 
following assay for dCTPase was based on these properties of 
the enzyme. 

The incubation mixture contained, in 1 ml of total volume: 
enzyme, dCTP, 0.45 umole; magnesium acetate, 3 umoles; and 
ammonium formate buffer pH 9.5, 20 umoles of total ammonium 
ion-ammonia. After incubation at 37° for 30 minutes, the re- 
action was stopped by heating the vessels on a boiling water 
bath for 1.5 minutes. The solutions were then added to Dowex 
1-8X formate ion exchange columns (3 mm in diameter X 3 em 
in length; 200 to 400 mesh resin). After adsorption of the 
solutions, each column was washed with 3 ml of 0.01 mM am- 
monium formate buffer pH 4.3, 0.01 m in respect to total formic 
acid-formate followed by 1 ml of water. Elution of dCMP was 
then accomplished with 3 ml of 0.06 M ammonium formate buffer 
pH 2.8. The amount of (CMP was determined by measurement 
of the absorbancy at 280 mu. A unit of deoxycytidine triphos- 
phatase is defined as that quantity of enzyme which produces 1 
umole of dCMP under the incubation conditions described. 
Under the conditions of the assay the amount of (CMP formed 
is linear with respect to the enzyme concentration. 

Separation of dCTPase and DNA Polymerase of Infected Cell 
Extracts—E. coli cells infected with T2 were prepared as pre- 
viously described. After centrifugation, the harvested cells were 
washed by suspension in 0.9% NaCl solution. The washed cells 
were collected by centrifugation, then frozen and disrupted in 
the Hughes press. To 8.2 g of disrupted cells were added 33 ml 
of 0.02 m Tris-acetate buffer pH 7.5. The suspension was dis- 
persed with a rotating pestle homogenizer and was then clarified 
by centrifugation (30,000 x g for 1 hour). To 32 ml of super- 
natant solution were added 8 ml of 0.5 m Tris-acetate buffer pH 
7.5 and 8 ml of pancreatic RNase solution (500 ug per ml in 0.02 
mM Tris-acetate buffer pH 7.5). The solution was incubated for 
1 hour at 37° during which time a heavy precipitate formed.’ 
The suspension was cooled to 5° and then 7.9 g of ammonium 
sulfate were added to the suspension (47 ml). The precipitate 
was removed by centrifugation and discarded. To the super- 
natant solution were added 7.9 g of ammonium sulfate. The 
resulting precipitate was collected by centrifugation and was 
washed by suspension in a solution containing 16 ml of 0.1 m 
Tris-acetate buffer pH 7.5 and 6 g of ammonium sulfate. The 
washed precipitate was collected by centrifugation and was dis- 
solved in 16 ml of 0.04 m sodium phosphate buffer pH 6.8. At 
this point little nucleic acid remained in the preparation since 
the ratio of optical densities at 280 to 260 my of the solution was 
equal to 1.5 (24). The solution after dialysis against 0.04 m 
phosphate buffer was clarified by centrifugation and was added 
to a column of hydroxylapatite (25) 1 cm in diameter X 16 cm 
in length. Chromatography was carried out at 2°. The elution 
was accomplished by means of an apparatus for producing 4 
linear concentration gradient (26). The mixing reservoir con- 
tained 200 ml of 0.04 m sodium phosphate buffer, pH 6.8; the 


3 It has been recently observed that ribonuclease action upon 
such bacterial extracts is inhibited by the presence of magnesium 
ion. For this reason, improper washing of the cells can result in 
failure at this step. This is indicated by the absence of precipi- 
tate formation. In recent preparations this difficulty has been 
avoided by the presence of 0.004 m ethylenediaminetetraacetate 
in the incubation mixture. 
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TaBLeE IT 
Purification of dCTPase and DNA polymerase of E. coli cells infected with phage T2 
DNA polymerase assayt dCTPase assay 
" Total 
aT Volume | protein® | saompte | incor-| Recovery | IMBOVE: | youyy | Recovery| Improve 
volume Jinto DNA | activity | Specific | units | Sctivity | Specific 
activity activity 
ml me al c.p.m. % % 
1. Supernatant solution of disrupted cells.......... 32 480 5 88 100 1.0 562 100 1.0 
2. RNase treated solution......................... 47 7.5 40 45 450 80 
g. Ainmonium atilfate..... 0.06. i es 18.4 168 2.5 53 69 2.0 492 87 2.5 
4. From chromatogram 
(a) QT Pase:(total).s.. 06s 6 tesa woud 64 74 376 67 4.3 
(b) dCTPase (most active portion)............. 9 10.6 96 i 
(c) DNA polymerase (total).................... 52 37 10 48 44 5.8 
(d) DNA polymerase (most active portion)..... 18 11.9 10 78 10 
































* Protein content of Fractions 1 to 3 was determined by the biuret reaction (27) compared with that of crystalline bovine serum al- 


bumin. 
tion. 


The Aogo of Fraction 3 was found to equal 1.0 for a solution which contained 1.23 mg per ml of protein by the biuret reac- 
Protein in Fraction 4 was determined by the measurement of A 20. 


+ The DNA polymerase assay is nonlinear and the assay levels and recoveries reported here can be related only semiquantitatively 


to the amount of this enzyme. 
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Fic. 4. Stimulation by dCTP and dHTP of the purified DNA 
polymerase of E. coli infected with T2 phage. dCTPase was ab- 
sent from this enzyme preparation purified by hydroxylapatite 
chromatography (Fig. 3). Added substrates: X, dHTP, O, 
dCTP. All incubation vessels contained, in 0.3 ml volume, 5 
mumoles each of dATP, dGTP, and C'*-labeled dTTP (2500 
c.p.m.). An equal amount of purified enzyme preparation was 
present in all vessels. 


supply reservoir contained 200 ml of 0.5 m sodium (or preferably 


potassium) phosphate buffer pH 6.8. The data on this chroma- 


togram are presented in Fig. 3 and the purification steps are 
summarized in Table II. 

Utilization of dCTP and dHTP by Purified DNA Polymerase— 
The effect of dHTP and dCTP in stimulating DNA synthesis 
with the purified DNA polymerase of infected cells, free from 
dCTPase, is illustrated in Fig. 4. At equal concentrations both 
substrates stimulated the incorporation of C4-dTTP into DNA 
at equal rates. Therefore, the nonutilization of the dCTP for 
DNA synthesis when incubated with unpurified extracts can 
probably be attributed entirely to the presence of deoxycytidine 
triphosphatase in these preparations. As previously stated, the 
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Fic. 5. Increase of dCTPase in E. coli cells after infection with 
T2 phage. 


purified DNA polymerase utilized glucosyl-dHTP only to a 
negligible amount. 

Appearance of dCTPase in E. coli Cells after Phage Infection— 
The appearance of the dCTPase activity after infection with T2 
phage is shown in Fig. 5. Assays were performed on unpurified 
cell-free extracts prepared at various times after infection in the 
manner previously described. In this experiment, however, a 
second infection with T2 phage at a multiplicity of 5 was per- 
formed 14 minutes after the initial infection in order to insure 
delay of cell lysis by means of lysis inhibition. 

Stoichiometry of dCT Pase Reaction—The purified dCTPase was 
found to catalyze the reaction dCTP — dCMP + PP;. In an 
experiment in which this relationship was demonstrated, dCTP 
was incubated with the chromatographically purified dCTPase. 
Aliquots were removed for the determination of dCMP and in- 
organic pyrophosphate (28) liberated. When 0.45 umole of 
dCMP had been formed from 1 umole of the initial quantity of 
dCTP, 0.49 umole of inorganic pyrophosphate could be isolated. 
Likewise, in an aliquot removed at a later time after 0.67 umole 
of dCMP was formed, 0.72 umole of inorganic pyrophosphate 
was found. 
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Substrate Specificity of dCTPase—No substrate other than 
dCTP has been found for the partially purified enzyme. The 
enzyme does not act upon CTP, dCDP, dTTP, or dHTP. 
Quantitatively, the rate of hydrolysis of dHTP is less than 0.3% 
of that of dCTP. 


DISCUSSION 


The experiments from our laboratory on the DNA polymerase 
of E. coli stemmed from an attempt to determine the nature of 
the alterations which take place after T2 phage infection and the 
factors which are responsible for the change in the chemical 
nature of the DNA synthesized. The finding that a powerful 
dCTPase activity appears in the system after infection provides 
one explanation for the exclusion of cytosine from the phage 
DNA. This exclusion could take place without the necessity of 
inhibition or removal of those enzymes already present in the 
system which are responsible for the synthesis of dCTP. Since 
it was also demonstrated that the DNA polymerase present in 
the cell before phage infection is capable of utilizing dHTP as a 
substrate for DNA synthesis, the only changes necessary for 
DNA synthesis after phage infection other than those responsible 
for marked increases of pre-existing enzyme activities (7, 29, 30) 
may be those which make possible the formation of dHTP. The 
necessary enzymes for this synthesis have been demonstrated by 
other workers (6-11). Further support for this suggested role 
of the dCTPase is provided by the demonstration of its unique 
substrate specificity. Alteration of the nature of the pyrimidine 
base, substitution of ribose for deoxyribose, or change of the 
degree of phosphorylation of the substrate prevents the utiliza- 
tion of the compound as a substrate by the enzyme. In addition, 
the time of appearance of the enzyme after infection with phage 
is consistent with its postulated role. DNA which contains 
hydroxymethylcytosine does not begin to appear in E£. coli cells 
until 6.5 to 7 minutes after phage infection (31). At this time 
the dCTPase has attained nearly one-half of the final activity. 
Moreover, 10% of the final activity of the enzyme ‘is already 
present 3 minutes after infection. 

The final dCTPase activity per cell, when measured under the 
conditions described for the assay, degrades dCTP at approxi- 
mately 10 times the rate at which dHMP is being utilized for 
phage DNA synthesis (31, 32). If a similar activity prevails 
under conditions in vivo, this enzyme could be in the major 
metabolic pathway to dHMP. This possibility is of particular 
interest because of the finding that the conversion of ribose 
nucleotides to deoxyribose nucleotides may take place at the di- or 
triphosphate level.‘ 

Although the broad substrate specificity of the DNA poly- 
merase already present at the time of infection could account 
for the synthesis of phage-type DNA, the possibility still remains 
that changes may also occur in this system after infection. Korn- 
berg et al. (7) have demonstrated an increase of this enzymatic 
activity after infection when measured with a heat-denatured 
DNA primer. In the experiments described above, a somewhat 
smaller increase of activity was apparent in the extracts, but this 
increase appeared to be independent of the nature of the added 
primer. However, the role of the added primer has not been 
carefully studied in this system. It is possible that if the in- 
creases noted represent the formation of additional enzyme, the 
new enzyme formed is a different protein from that already 


‘ Peter Reichard, personal communication. 
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present although of similar substrate specificity. Some indirect 
evidence has been presented which suggests that the increase of 
activity of another enzyme, dGMP kinase, after phage infection 
may be due to the formation of protein of differing properties 
but of similar substrate specificity to that already present (33). 

The question of whether any dCTPase exists in uninfected 
cells is pertinent to theories concerning the origin of the enzyme, 
No rigorous attempts to determine this have been made, but it is 
of interest that the small amount of dCMP which is formed 
when dCTP is incubated with extracts of uninfected cells appears 
to arise largely or entirely from another enzyme system in which 
dCDP is an intermediate in the breakdown:;.The total rate of 
dCMP formation by enzyme systems present’in extracts of un- 
infected cells is less than 2% of the rate of dCTPase action after 
phage infection. 

The nonutilization of glucosyl-dHTP by the DNA polymerase 
system from cells infected with phage indicates that this com- 
pound may not be an intermediate in the synthesis of phage 
DNA. This supports the evidence of Kornberg et al. that 
glucosylation occurs after DNA polymerization (6, 7). Further 
evidence that glucosyl-dHTP is not involved in DNA synthesis 
is provided by experiments reported by Somerville and Green- 
berg,® who were unable to find a kinase whick would phos- 
phorylate glucosyl-dHMP although an analogous enzyme acting 
upon dHMP appears in the bacteria after phage infection. 


SUMMARY 


After infection of Escherichia coli with the bacteriophage T2, 
an enzymatic activity is found in cell-free extracts of the phage- 
bacteria system which catalyzes the reaction: dCTP — dCMP + 
PP;. This new enzymatic activity rapidly increases during the 
time interval of 2 to 15 minutes after infection. A procedure is 
described for the partial purification of this enzyme (deoxy- 
cytidine triphosphatase (dCTPase)) and its separation from the 
deoxyribonucleic acid (DNA) polymerase enzyme system of the 
extract. The dCTPase does not attack CTP or deoxy-5-hy- 
droxymethylcytidine triphosphate (dHTP). 

The DNA polymerase system present in extracts of uninfected 
E. coli utilizes dCTP or dHTP interchangeably for the synthesis 
of DNA. In extracts prepared from E. coli infected with phage, 
dCTP is not utilized for DNA synthesis. This apparent non- 
utilization of dCTP by the polymerase is due to the specific 
degradation of this substrate by the dCTPase present in these 
extracts. A partially purified DNA polymerase preparation 
obtained from the extract of infected cells and separated from 
the dCTPase therein exhibits similar substrate specificity to the 
enzyme found in uninfected cells. Either dCTP or dHTP is 
utilized for DNA synthesis by this purified DNA polymerase 
preparation. It is suggested that dCTPase participates in vivo 
in the exclusion of cytosine from the phage DNA. 
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It may be calculated that many mammalian cells contain 
approximately 1,000,000 molecules of deoxyribonucleic acid, 
assuming an average molecular weight of 5,000,000 (1-3). If 
DNA is the bearer of the genetic code, it is reasonable to expect 
that these molecules represent a mixture of different species; 
it seems unlikely that the complete code could be expressed in 
just one polymer of 5,000,000 molecular weight. The molecules 
may be expected to differ in the sequence of the bases along the 
lengths of the polymers, the ratios of the base pairs for each 
molecule, the length and degree of coiling of the molecules, and 
the number of single or double strands per molecule. In this 
communication we will be concerned primarily with the poly- 
dispersity of sedimentation coefficients observed when DNA is 
studied in the analytical ultracentrifuge. For DNA this poly- 
dispersity of sedimentation coefficient should primarily reflect 
differences in length, degree of coiling, and the number of single 
or double strands. The sedimentation coefficient should be 
relatively insensitive to a difference in base ratio! (4) or base 
sequence. 

Before 1955 ultracentrifugal studies of DNA had always been 
performed at concentrations sufficiently high to resolve the sedi- 
menting boundaries with the schlieren optical system (5, 6). 
Little indication of polydispersity was obtained from these 
studies with the schlieren optical system; a hypersharp boundary 
was observed for DNA until the concentration was lowered 
toward 0.01% (6). In 1955 however, Shooter and Butler (7), 
and later Schumaker and Schachman (8), reported that when 
DNA is studied at the much lower concentrations (10-fold) 
which may be used with the ultraviolet absorption optical sys- 
tem, there appeared a continuous “spectrum” of molecules with 
sedimentation coefficients ranging between 5 and 40 S. This 
increase in the polydispersity of sedimentation coefficients with 
decrease in concentration has been assumed to be an effect of 
the tremendous hydrodynamic interactions which occur between 
highly asymmetric polymers at high concentration (6,7). How- 
ever Coates and Jordan (9) have recently reported that “arti- 
ficial sharpening” also occurs at a differential boundary between 


* This investigation was supported by a Research Grant A-2177 
from the National Institute of Arthritis and Metabolic Diseases of 
the National Institutes of Health, United States Public Health 
Service. 

1 Differences in the base ratios would be reflected as differences 
in the partial specific volume, 5, of the DNA molecules. Since 


the term (1 — dp) appears in the equation for the sedimentation 
coefficient, 8, a 4% difference in 5 would cause a difference of about 
5% in §, in a dilute salt solution of density p = 1.0. See reference 
4 for a detailed report on the partial specific volume of various 
DNA samples and inhomogeneity in base ratio. 
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two DNA solutions of sufficiently high concentration to keep 
the hydrodynamic interaction fairly uniform across the bound- 
ary. Moreover, we have recently presented evidence that 
aggregation and dissociation of a number of discretely sediment- 
ing species may also be a factor in the formation of the broad 
spectrum of sedimentation coefficients which is observed upon 
lowering the concentration (10, 11). This communication is an 
extension of our previous reports and is a detailed study of the 
formation and resolution of discretely sedimenting components 
in DNA isolated from calf thymus. A sample of T2r+ bacterio- 
phage DNA has also been studied and gives similar results. 


MATERIALS AND METHODS 


Ultracentrifugal Studies—In these studies we have used a 
Spinco model E analytical ultracentrifuge equipped with ultra- 
violet optics. The 30 mm “long” analytical cell and special 
rotor (ANB-E) were used for most of our runs, since the DNA 
concentrations most frequently employed were 0.002% or less. 
For the runs made at higher concentrations, either the 4 mm or 
12 mm analytical cell was used together with the AND-1 rotor. 
The runs were all made at room temperature, which varied be- 
tween 22° and 28°. Most of the runs were performed at a speed 
of 50,740 r.p.m., which is the maximum rated speed for the 
ANB-E rotor. The photographic records from the ultraviolet 
absorption optical system were analyzed with a Spinco model R 
analytrol fitted with a microanalyzer attachment. The tracings 
obtained were analyzed by the method described by Schumaker 
and Schachman (8). When fairly sharp boundaries were present 
during the first few frames, the plates were also read by measur- 
ing the boundary position directly on the film. Frequently 
it was possible to see and measure the boundary position as 
recorded by the schlieren optical system. Values of the sedi- 
mentation coefficients reported have been corrected to 20°. The 
corrections for the density and viscosity of the solvent have also 
been applied. 

Viscosity Studies—Viscosity measurements have been made 
with the use of a three-bulb viscometer with average shear 
gradients of about 53, 113, and 174 reciprocal seconds at a 
temperature of 27° (+0.005°). For some of the studies reported 
below, the reduced viscosity, nsp/C, has been plotted against 
KC + 8, where 8 is the shear gradient, C is the concentration 
of DNA, and K is an arbitrary constant chosen to make the 
numerical values of KC and 8 comparable. Such a plot is 
analogous to the Zimm plot (12) frequently employed in light 
scattering, and allows the double extrapolation to zero concen- 
tration and zero shear gradient to be made on the same plot. 
(See Fig. 3.) This plotting method is useful when plotting a 
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TABLE [ 


Source, deproteinization procedure, and final protein 
content of DNA samples 

















DNA Source Deproteinization procedure —_ 
% 
Th-1l Calf thymus* | Sevag (31), then Duponol (32) | 0.3 
Th-2 Calf thymus® | Duponol (32) 9.2 
Th-3 Calf thymus’ | Signer Schwander (33) 1.4 
P-1 Bacterio- Sevag (34) 3.6 
phage? T2r* 





« Obtained from Worthington Biochemicals, Inc. 

* Obtained from Dr. R. Stambaugh, Philadelphia General Hos- 
pital. 

¢ We made this sample. 

4 Obtained from Dr. 8S. 8. Cohen, University of Pennsylvania. 


function of two variables. Three dimensions are required com- 
pletely to represent the data; one for values of the function 
(nsp/C) and one each for values of each of the two variables 
(8, C). The function then describes a surface in three-dimen- 
sional space. Such a surface may be adequately described in 
two dimensions if an “elevation” is also assigned to each point. 
An example of this type of representation would be the contour 
map, which shows elevation as well as location. This is essen- 
tially what is done in the Zimm plot and in our adaptation of 
it for the representation of the viscosity data. The values of 
the function nsp/C are plotted on one axis, and values of a new 
variable KC + B are plotted on the other. Each point must 
now be assigned an “elevation,” and this number may be the 
value of either of the two variables, C or 8. Therefore, it is 
possible to draw curves (contours) of constant concentration 
and also curves (contours) of constant shear gradient on the 
same plot. These curves are extrapolated to zero shear gradient 
and zero concentration, respectively. The extrapolated points 
now define two new curves, nsp/C against concentration at zero 
shear gradient and nsp/C against shear gradient at zero con- 
centration. These two new curves are then extrapolated to 
the ordinate axis (KC + 6 = 0) where they must intersect. 
This gives an extrapolated value of the intrinsic viscosity at 
zero shear gradient and zero concentration. The legend of Fig. 
3 gives a detailed description of these curves. 

DN A—A tabulation of the DNA samples used in this study 
is made in Table I. The protein content of the nucleic acid 
samples was determined by the Lowry modification of the Folin 
technique (13). One-half to one milligram of DNA was used 
for each analysis. In the range between 1 to 10 yg of protein 
we found this assay reproducible to within 2 ug. 


RESULTS 


We have found that when the pH of a solution of DNA is 
raised above pH 9 in Tris buffer at low ionic strength there oc- 
curs a dramatic simplification of the sedimentation coefficient 
distribution of deoxyribonucleic acid. The broad continuous 
“spectrum” of sedimentation coefficients which is usually seen 
at pH 7 to pH 9 is resolved into a number of fairly sharp, well 
separated peaks at a higher pH. This effect is illustrated in 
the experiments which follow. 

pH Dependence—Four solutions of calf thymus DNA (Th-3) 


XUM 


V. N. Schumaker and B. Marano 


2699 


were prepared by dissolving approximately 6.5 mg of the dried 
DNA in 50 ml of each of the buffers listed in Table II. 

The flasks were sealed to avoid uptake of CO2, and the DNA 
was dissolved with magnetic stirring for 1 week at 4° to 8°. The 
samples were then diluted to a concentration of 0.002% with 
the same buffer, and studied in the ultracentrifuge. Fig. 1 
shows the sedimentation coefficient distributions of these sam- 
ples. A pronounced sharpening of the sedimentation coefficient 
distribution with the resolution of several discrete peaks is evi- 
dent for sample 3 which has a pH of 9.7 and the low ionic 
strength of 0.007. Fig. 2 shows the ultraviolet photograph and 
the corresponding photodensitometer tracing for sample 3. The 
three peaks are clearly visible on the photograph and the photo- 
densitometer tracing. A number of peaks could also be seen 
on the corresponding schlieren photograph. 

Viscosity measurements were also made on these four samples, 
and Fig. 3 shows the corresponding ysp/C against KC + 8 
plots. The intrinsic viscosities of the DNA samples at the 
higher ionic strength are not much different at the two pH 
values. At the low ionic strength (0.007) the intrinsic viscosity 
seems to increase in going from pH 8 to pH 9.7. However in 
view of the extreme sensitivity of nsp/C to ionic strength in this 
region of low ionic strength, it is possible that the observed dif- 
ference in nsp/C can be attributed to the differences in the ionic 
composition of solutions one and three. 

We have also studied the reversibility of the appearance of 
the discrete components when the pH is shifted in either direc- 
tion from pH 8 to pH 9.7, at low ionic strength. The DNA at 
a concentration of 0.1 mg per ml was dissolved in 0.05 m Tris 
buffer, 0.001 m HCl, and 0.006 m NaCl. This solution was then 
dialyzed overnight to pH 8 in 0.0037 m Tris, 0.002 m HCl, and 
0.005 m NaCl. The sample was then redialyzed overnight to pH 
9.7. This cycle was repeated four times. An ultracentrifuge run 
was made upon a diluted aliquot from each dialysate. From the 
data presented in Table III it is seen that the formation of the 
discrete components is reversible, although small variations in 
the relative concentrations among the individual components 
at pH 9.7 do occur. 

A detailed study of the pH dependence of this reaction has 
not been completed, but the change from a broad spectrum of 
sedimenting components to a small number of discretely sedi- 
menting components occurs at pH values close to pH 9.0. 

Heat Treatment—Samples 3 and 4 (Table II) were next heated 
at 95 to 100° for 3 minutes at a concentration of 0.002%. After 
cooling, the optical density increases were 46% and 12% for 
samples 3 and 4, respectively. The values of the pH, measured 


TaBLeE II 
Solutions employed for study of DNA samples 


All samples contain approximately 6.5 mg of calf thymus DNA 
(Th-3) dissolved in 50 ml of the buffer solution. 








NaCl Tris HCl pH* 
M mM M 
Sample 1 0.000 0.0125 0.0067 8.1 
Sample 2 0.18 0.05 0.0268 8.1 
Sample 3 0.006 0.05 0.001 9.7 
Sample 4 0.2 0.05 0.001 9.65 

















* pH values measured just before the ultracentrifuge and vis- 
cosity studies. 
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Fic. 1. Sedimentation coefficient distributions of calf thymus DNA Th-3. The abscissas are values of S3o,~; the ordinates are values 


of the distribution function dC/dS. See Table II for a description of solvents used. 
(D) Sample 4, pH 9.65, » = 0.2. 


pH 8.1, n» = 0.2. (C) Sample 3, pH 9.7, » = 0.007. 
after cooling, were 9.4 and 9.3, respectively. The valuesof nsp/C 
dropped sharply. The values obtained, extrapolated to zero 
shear gradient and at a concentration of 0.002%, were 4200 cc 
per g and 1800 cc per g, respectively. The sedimentation co- 
efficient distribution for the heated sample 4 did not show dis- 
crete components, but instead showed a very broad, continuous 
spectrum of sedimentation coefficients extending from 30 to 100 
S with an average value of 57S. The sedimentation coefficient 
distribution for the heated sample 3 is shown in Fig. 4. The 
heat treatment has caused an increase in the number of discrete 
components. These discrete components are also clearly visible 
on the ultraviolet photograph. Also a marked slowing of the 
average sedimentation coefficient is obvious when this pattern 
is compared with the corresponding sedimentation coefficient 
distribution of the unheated material shown in Fig. 1C. 
Concentration Dependence—A series of ultracentrifuge runs 
was made at various concentrations of the unheated DNA 
(Th-3) between 0.001% and 0.008%, in 0.05 m Tris, 0.006 mu 
NaCl, 0.001 m HCl, and 0.001 m Versene, at pH 9.7. The 
number of discrete components clearly visible on the ultraviolet 
photographic film varied consistently from run to run. The 
data are tabulated in Table IV. It can be seen from these data 


(A) Sample 1, pH 8.1, 1 = 0.0067. (B) Sample 2, 


that the number of discrete components is a sensitive function 
of concentration. At a concentration below 0.0015% one com- 
ponent is seen. As the concentration is raised toward 0.004%, 
two and then four, and five components are seen. As the con- 
centration is increased still further, the number of discrete com- 
ponents apparently diminishes, perhaps due to the grouping of 
the discrete components together by the S against C effect. 

Superimposed Density Gradients—Discretely sedimenting com- 
ponents are not formed in the presence of a superimposed density 
gradient. With the use of a synthetic boundary cell, density 
gradients of sucrose, Tris, or D,O were formed in the middle of 
the cell by layering a lighter solution on top of a heavier solution 
during acceleration. The concentration of DNA was always the 
same in both solutions. The sedimenting DNA boundary formed 
at the meniscus, as usual, and moved down the cell passing 
through the density gradient created by the presence of the 
diffusing, small molecules. The results of these experiments are 
shown in Table V. 

Rotor Speed—The results of a study of the formation of dis- 
crete components at pH 9.7 as a function of the ultracentrifuge 
rotor speed are shown in Table VI. It can be seen that at low 
speeds the individual] components are not resolved although the 
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duration of the run is increased so that the sedimenting bound- 

aries move the same distance within the ultracentrifuge cell. 
Other DNA Samples—In addition to the two DNA samples 

which have been discussed above, runs have been made on 


























Fig. 2. The ultraviolet photograph and the photodensitometer 
tracing for calf thymus DNA-Th-3 (Sample 3, Table II). Pic- 
tures were taken at 2-minute intervals, 50,740 r.p.m. The photo- 
densitometer tracing corresponds to the 3rd frame from the left on 
the ultra-violet photograph which was taken 22 minutes after 
reaching speed. 
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Fig. 3. Plots of »sp/C against KC + 8 for the calf thymus 
DNA-Th-3. See Table II for a description of the solvents used. 
(A) Sample 1, pH 8.1, » = 0.0067. (B) Sample 2, pH 8.1, u = 0.2. 
(C) Sample 3, pH 9.7, « = 0.007. (D) Sample 4, pH 9.65, u = 0.2. 
@——@ are experimentally determined values of nsp/C; (+++) 
are extrapolated values. The experimentally determined points 
are connected by two sets of solid lines. The solid lines which rise 
sharply from left to right represent contours of constant shear 
gradient. The solid lines which descend gently from left to right 
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samples Th-1 and Th-2. (See “Materials and Methods” for a 
description of these samples.) These samples were studied at 
pH 9.7 in 0.05 m Tris buffer with NaCl added to bring the ionic 
strength to 0.007. Sedimentation coefficient distributions for 
these samples are shown in Fig. 5A and 5B. In Fig. 5C is shown 
the sedimentation coefficient distribution for a sample of bacterio- 
phage DNA (P-1) at pH 9.7 and low ionic strength. Discrete 
components are clearly present. 


DISCUSSION 


Previous Results—Many investigations of the sedimentation 
behavior of calf thymus DNA at low concentrations have shown 
continuous broad distributions of sedimentation coefficients (14- 
18). As far as we are aware, however, these studies have been 


TABLE III 


Reversibility of formation of discrete components upon dialysis 
between pH 8 and pH 9.7 





Sedimentation coefficients and relative concentrations 




















Date pH of discrete components 

Jan 11 | 9.7 | 18.0S (40%) ; 21.08 (37%) ; 23.08 (23%). 

Jan 12. | 8.1 | Continuum (88 to 408) 

Jan 13 | 9.7 | 17.38 (34%); 19.78 (35%); 21.78 (31%). 
Jan 14 | 8.0 | Continuum (8S to 40S) 

Jan 15 | 9.8 | 17.48 (40%); 20.38 (35%); 22.0S (25%) 
Jan 18 | 8.0 | Continuum (28 to 358) 

Jan 19 | 9.8 | 17.08 (34%); 19.48 (85%); 21.48 (81%) 
Jan 21 | 8.0 | Continuum (88 to 40S) 

Jan 22 | 9.7 | 18.68 (42%); 21.48 (36%); 22.88 (22%) 
Jan 23 | 8.0 | Continuum (88 to 408) 
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represent contours of constant concentration. The dashed lines 
running in the same directions represent, respectively, the viscos- 
ity dependence upon concentration at zero shear gradient and the 
viscosity dependence upon shear gradient at zero concentration. 
The value of K used was 6000. The DNA concentrations em- 
ployed were 0.0095%, 0.0043%, and 0.0012%. The values of the 
shear gradients for our three bulb viscometer are 53 sec™!, 113 
sec”!, and 174 sec™!. 
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Fic. 4. The sedimentation coefficient distribution for calf 
thymus DNA-Th-3 heated for 3 min. at 95° to 100°. Tris buffer, 
pH 9.4, » = 0.007. (Sample 3, Table II.) Compare with the 
unheated sample, Fig. 1C. 


TABLE IV 


Description of discretely sedimenting components resolved at pH 
9.7 as function of DNA concentration 




















ae ye Rae eee ee 
Total DNA Cll | of Sedimentation coefficient, s20, in 
concentration path discrete brackets: % of total concentration 
(g/100 m) length com- | in each component 
ponents 
% mm 
0.0011 30 1 | 24.18 (100%) 
0.0015 30 2 18.98 (50%) ; 20.95 (50%) 
0.0019 30 2 20.88 (60%); 21.78 (30%) 
0.0027 12 5 15.48 (23%); 17.88 (27% 
19.0S (25%); 20.48 (18%) 
21.88 (7%) 
0.0027 ae ee ee 14.18 (18%); 16.48 (22%) 
| | | 18.88 (22%); 19.38 (18%) 
| | 20.98 (20% 
0.0039 i: & 4 13.4S (14%); 15.18 (23%) 
| | 16.38 (20%); 17.388 (48% 
0.005 | 12 3 | 12.98 (10%); 14.48 (15%) 
15.18 (75%) 
0.0069 4 1 15.48 (100%) 
0.008 | 4 1 | 14.68 (100% 





made at pH values below pH 9 and at high ionic strengths. 
Some workers have reported partial fractionation of their samples 
by chromatographic (19) or centrifugal methods (3). The re- 
sulting distributions, although somewhat sharper than those of 
the original samples, are still much broader than the discrete 
components reported in this publication. 

Separate, sedimenting nucleic acid components have been re- 
ported by several other workers. Inman and Jordan (20) and 
Oth (21) find two sedimenting components under special condi- 
tions but these authors present evidence that their two separate 
components represent the native form and the denatured form of 
a partially denatured DNA mixture. The effect described in 
this publication and in our two preliminary reports does not ap- 
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pear to us to be the same as that described by Inman and Jordan 
and by Oth, and a discussion of the evidence for the absence of 
denaturation in our samples is given below. R. Sinsheimer (22) 
has reported two separate sedimenting components when DNA 
isolated from the virus ¢ x 174 is studied in the ultracentrifuge at 
low ionic strength. Since the @ x 174 DNA is probably “single- 
stranded,” it becomes difficult to compare his results at this time 
with our findings for calf thymus DNA which is probably 
“‘doubled-stranded.”’ 

Erlich and Doty (23) have studied the pH dependence of the 
molecular weight and shape dependence of DNA at alkaline pH 
values, and conclude that at an ionic strength of 0.15, DNA does 
not denature until a pH of 11.5 to 12 is reached. 

Discretely Sedimenting Components—The discrete components 
seen above pH 9 could represent: (a) different classes of in- 
dividual DNA particles, each class with a distinctive sedimenta- 
tion coefficient; (b) a system composed of monomers, dimers, 
etc., in dynamic equilibrium; (c) a number of propagating con- 
vective disturbances. 

None of these explanations is completely satisfactory. If (a) 
were correct, it is difficult to see why the number of discrete 
components should increase as the concentration is increased. 
If (b) were correct, it would also be necessary to postulate that 
the rate of the dynamic equilibrium between the monomers, 
dimers, etc. be slow compared to the time of ultracentrifugation, 
since according to the theory of Gilbert (24) discrete monomer 
and dimer peaks would not be formed if the rate of the dynamic 


TABLE V 
Loss of discretely sedimenting components in presence 
of superimposed density gradient 





Filling of synthetic boundary cell ie 
Description of components 
eae seen in ultracentrifuge 
Upper phase ' 


Experiment — —s 


Bottom phase 


pH 9.7 








Control | pH 9.7 solvent* Three sharp peaks 
solvent 15S, 178, 19S 

1 0.1% sucrose in pH | pH 9.7 | Continuum from 10S 
9.7 solvent solvent | to 26S 

2 “Double Strength’? | pH 9.7 | Continuum from 108 
pH 9.7 solvent? | solvent | to 26S 

3 0.5% (volume for | pH 9.7 | Continuum from 108 
volume) D.O in | solvent to 26S 


pH 9.7 solvent 


* pH 9.7 solvent: 0.05 m Tris, 0.001 m HCl, 0.006 m NaCl, 0.002% 
DNA. 

t “Double Strength’’ pH 9.7 solvent: 0.1 m Tris, 0.002 m HCl, 
0.006 m NaCl, 0.002% DNA. 








TaBLe VI 
Presence of discrete components as function of 
ultracentrifuge rotor speed 








Speed a a Sedimentation coefficients 
min 
50,740 32 2 sharp peaks 16.38; 18.38 
39,460 48 3 sharp peaks 15.38; 17.18; 18.28 
31,410 96 3 sharp peaks | 15.98; 17.8S; 19.88 
20,410 224 3 broad peaks | 15S; 17S; 18S 
15S to 268 


15,220 


348 Continuum 
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equilibrium were rapid. If (c) were correct, it is difficult to see 
why the presence of the propagating convective disturbances 
should depend upon the pH. 

Convection—That some convective disturbance is present at 
pH 9.7 is strongly indicated by the data presented in Table V, 
in which it is seen that a superimposed density gradient prevents 
the formation of the discretely sedimenting components. How- 
ever it does not seem likely that the discrete components arise 
solely as a result of convective disturbances. Discretely sedi- 
menting components have been obtained with the use of dif- 
ferent ultracentrifuges, and different rotors and cells in the same 
ultracentrifuge. Moreover the discrete components appear as 
the sedimenting boundaries leave the meniscus and they are 
present during the entire run until they reach the bottom of the 
cell. When the logarithm of the distance of an individual peak 
from the axis of rotation is plotted as a function of time (log x 
against t) the points lie along a straight line for the entire run 
giving a well defined sedimentation coefficient. 

However it is possible that the discrete components which are 
seen in these runs could be artificially sharpened as a result of 
convective disturbances arising in the regions between the sedi- 
menting “peaks.” Indeed, some convective stirring would be 
predicted to occur in the regions between the separate ‘‘peaks”’ 
due to the change in the magnitude of the “Johnson-Ogston” 
effect (25) as the run proceeds. (Convective disturbances might 
arise from a slow readjustment of equilibria between monomers, 
dimers, etc. within the regions between the “peaks,” if monomers, 
dimers, etc. are present in the solution.) Such convective dis- 
turbances probably would not cross the sharp density gradients 
at the positions of the “peaks,” but could “eat away” at the 
edges, sharpening the boundaries. 

pH Transition: Evidence for Absence of Denaturation—The 
marked change in the sedimentation coefficient distribution 
which occurs at pH 9 with several different samples of calf 
thymus DNA as well as a sample of bacteriophage DNA is not 
readily explained. This change from a continuum distribution 
of sedimentation coefficients to discrete components occurs in 
the expected manner when the pH is shifted in either direction, 
and it is also readily reversible. Therefore it is believed that no 
breakage of the covalent backbone structure (—C—O—P— 
O—C—C—) has occurred. The absence of pronounced viscosity 
change at pH 9 also implies that there has been no rupture of 
the hydrogen bond structure which holds the covalently linked 
strands together. Moreover the complete hyperchromic effect 
may still be obtained upon heat denaturation of the DNA above 
pH 9. Therefore it is a reasonable assumption that the helix 


remains intact and is neither denatured nor fragmented by rais- - 


ing the pH to 9.7. 

Heat Treatment—When DNA is heated at 95° to 100° in aque- 
ous media, the hydrogen bonding between the bases is broken 
and the highly asymmetric DNA molecule loses its intrinsic 
structural rigidity (18, 26-28). When the solution is cooled to 
room temperature, some of the hydrogen bonds may reform, but 
the molecule never completely regains its original structure (18). 
For calf thymus DNA at low ionic strength and above pH 9 we 
found that the degree of reformation of hydrogen bonds was very 
small indeed; the 46% increase in optical density would imply 
that few if any of the bases were paired (26). In this case it is 
possible that some of the doubly stranded DNA helices separate. 
An explanation for the decrease in sedimentation coefficient upon 
heating DNA at low ionic strength and high pH can now be 
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Fic. 5. Sedimentation coefficient distributions of various DNA 
samples in Tris buffer, pH 9.7, ionic strength 0.007. (A) Calf thy- 
mus DNA-Th-1. (B) Calf thymus DNA-Th-2. (C) Bacterio- 
phage DNA-P-1. 


given. At low ionic strength, the heated DNA has a high 
viscosity, suggesting that the heated molecule is greatly extended 
in space. Ehrlich and Doty (23) have suggested that this is due 
to electrostatic repulsion between the charged phosphate groups 
along the backbone of the molecule. If the two strands have 
separated lengthwise and come apart to form two new molecules, 
the molecular weight drops by a factor of two, but the frictional 
coefficient should not decrease markedly as long as the molecules 
are still highly extended. Hence the sedimentation coefficient 
will decrease. On the other hand if the two strands separate 
lengthwise but do not come apart, the effective length doubles 
and the frictional coefficient increases greatly. Since the molecu- 
lar weight has not changed, the sedimentation coefficient again 
drops. 

When the salt concentration is high, there is apparently ex- 
tensive reformation of hydrogen bonds, and it is to be expected 
that some of these bonds will be intermolecular as well as intra- 
molecular. The high concentration of salt ‘“damps out” much 
of the electrostatic repulsion, allowing the molecules to fold up. 
The combination of these two factors would be sufficient to cause 
an increase in sedimentation coefficient and to smear the result- 
ing distribution badly. 

Recent reports (29, 30) indicate that DNA is broken into 
smaller subunits when it is squirted through a syringe or ho- 
mogenized in a blendor. In our studies we have not used the 
precautions recommended by these authors. However, if we 
have been studying a degraded sample, it still seems likely that 
the results reported in this communication may be relevant to 
the hydrodynamic behavior of the “undegraded” DNA. 
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SUMMARY 


When the pH of a solution of deoxyribonucleic acid is raised 
above pH 9 in tris(hydroxymethyl)aminomethane buffer at low 
ionic strength, there occurs a dramatic simplification of the 
sedimentation coefficient distribution. The broad “spectrum” 
of sedimentation coefficients which is usually seen below pH 9 
is resolved into a number of sharp, well separated peaks at the 
higher pH. Deoxyribonucleic acid samples isolated from bac- 
teriophage and calf thymus have been examined. The effects 
of pH, ionic strength, concentration, and heat treatment upon 
the sedimentation coefficient distribution and viscosity are stud- 
ied, and a theory is advanced in an attempt to account for some 
of the observed results. 
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The bacterial enzyme, polynucleotide phosphorylase, catalyzes 
the synthesis of long chain polyribonucleotides from nucleoside 
diphosphates (Equation 1) (1-5), the phosphorolytic cleavage of 
polyribonucleotides (reverse of Equation 1), and also an exchange 
reaction between P ;** and the terminal phosphate of a nucleoside 
diphosphate (Equation 2) (1, 2). 


n Nucleoside-P-P 








Mg** (nucleoside-P), + n P; (1) 


Nucleoside-P-P + P,® = nucleoside-P-P® + P; (2) 


It has been demonstrated that oligonucleotides with an un- 
esterified, terminal, C-3’ hydroxyl group serve as primers for the 
formation of polyadenylic acid, polyuridylic acid, polythy- 
midylic acid, and polyguanylic acid (6, 7). Thus, in the pres- 
ence of uridine diphosphate, a compound such as pApA is in- 
corporated into newly formed polymer; the chains grow by suc- 
cessive additions of nucleoside monophosphate units to free C-3’ 
hydroxyl groups and chains of the structure pApApUpUpU 
fet wad pU, for example, are formed (6, 7). Highly purified 
preparations of polynucleotide phosphorylase from Azotobacter 
agilis catalyze the formation of polyadenylic acid, polyuridylic 
acid, and polythymidylic acid after an initial lag period (6, 8), 
and the lag can be overcome by polyribonucleotides (8, 9), by 
the oligonucleotides mentioned above (6), and by oligonucleo- 
tides such as ApUp which do not serve as centers for chain pro- 
liferation, since they contain no unesterified C-3’ hydroxyl group 
(6). 

In contradistinction to the results with the other nucleoside 
diphosphates, earlier papers (1, 2) concerning polynucleotide 
phosphorylase reported that when guanosine 5/-diphosphate 
alone was used as the substrate, both polymer formation and the 
exchange reaction were either very slow or undetectable. Recent 
work (7) has shown that the polymerization of guanosine 5’- 
diphosphate does indeed occur, but only when an oligonucleotide 
with an unesterified 3’-hydroxyl group (pApA, for example) is 
present to initiate chain formation. This finding held, regardless 
of the enzyme preparation used (7). 

It was, therefore, of interest to reinvestigate the exchange 
reaction (Equation 2) with guanosine 5’-diphosphate as a sub- 
strate. The data reported herein will show that under different 
conditions from those used previously (1, 2), the rate of exchange 
of guanosine 5’-diphosphate with P;* is comparable to the rates 
observed with adenosine 5’-diphosphate and uridine 5’-diphos- 
phate; oligonucleotides are not required to obtain such rates, al- 
though they afford some stimulation of thereaction. Inaddition, 


the oligonucleotides were found to stimulate the rates of adenosine 
5’-diphosphate and uridine 5’-diphosphate exchange. 

Earlier studies (10) showed that the series of oligonucleotides 
including ApUp, ApApUp, and ApApApUp, are not phosphoro- 
lyzed by polynucleotide phosphorylase. Because of the ability 
of these compounds to overcome the lag in the polymerization of 
adenosine 5’-diphosphate and uridine 5’-diphosphate (6) and 
their stimulatory effect on the nucleoside diphosphate-P ;* ex- 
change (below), it was also of interest to test their influence on 
the phosphorolysis reaction, and experiments concerning this 
question are presented here. 

Several experiments concerning the mechanism of the phos- 
phorolysis reaction will also be presented in this report. These 
studies indicate that the phosphorolysis of susceptible oligoribo- 
nucleotides occurs in a stepwise fashion that is the reverse of the 
synthetic reaction. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Enzymes—Escherichia coli polynucleotide phosphorylase was 
prepared according to the procedure of Littauer and Kornberg 
(2) and was carried through the first alcohol precipitation. The 
dialyzed preparation used in these experiments had a specific 
activity of 13, determined by the “exchange” assay (2) and had 
been stored for almost 2 years at —20° with little loss in activity. 
A highly purified preparation of A. agilis polynucleotide phos- 
phorylase was very generously supplied by Dr. Severo Ochoa. 
This fraction was the result of a protamine precipitation step (8) 
and it had a specific activity of 60 measured with the ‘“‘exchange”’ 
assay (1). It is referred to in the text as SA 60. A second 


‘preparation from A. agilis was obtained in this laboratory ac- 


cording to the procedure of Mii and Ochoa (8),? and is designated 
SA 55. Both preparations catalyzed the polymerization of UDP 
and ADP only after an initial lag period. 

Nucleotides—The biosynthetic polymers were synthesized and 
isolated according to published procedures (1, 10). The meth- 
ods used to prepare most of the oligoribonucleotides have been 
described by Heppel et al. (3, 4) and summarized by Singer (10). 
The preparation and characterization of pApApApU has also 
been reported (6). The nucleoside diphosphates were obtained 
from Sigma Chemical Company, except for thymine ribonucleo- 


1 We are indebted to Dr. S. Mii and Professor 8. Ochoa for mak- 
ing their unpublished data available to us and for helpful advice 
in the course of the fractionation experiments. 
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side pyrophosphate which was a gift from Professor Sir Alexander 
Todd. 

Because the commercial GDP preparations were contaminated 
with GMP and GTP, the GDP content of each preparation was 
determined by chromatography and quantitative elution of the 
three components. 

Paper Chromatography—Descending chromatography was 
carried out on Whatman No. 1 or No. 3 MM paper with the 
following solvent systems: Solvent 1, isobutyric acid-1 n NH,OH- 
0.2 m ethylenediaminetetraacetate (100:60:0.8, volume for 
volume for volume) (11); Solvent 2, n-propanol-H.O-NH,OH 
(60:10:30, volume for volume for volume) (12). Nucleotides 
were visualized on the paper strips by means of an ultraviolet 
lamp, and photographs of the strips were made under ultraviolet 
illumination. Radioautograms were prepared by exposure of 
Kodak Type K x-ray film to paper strips containing radioactive 
materials. Compounds were eluted from filter paper with H.O 
unless indicated otherwise. 

Assay for Nucleoside Diphosphate-P;* Exchange and Phos- 
phorolysis—The method used was based on the procedure of 
Littauer and Kornberg (2). The labeled nucleoside diphosphate 
produced in the exchange reaction or by the phosphorolysis of a 
polynucleotide was separated from P;* by adsorption onto char- 
coal, and its radioactivity was measured. The contents of the 
reaction mixtures are described in the legends to the tables and 
figures. After incubation at 37°, the reaction was stopped by 
addition of 1.0 ml of 2.5% cold perchloric acid to the vessel. 
Acid-washed Norit A (0.1 ml of a 10% suspension, weight for 
weight) was added to adsorb the nucleotides. After 10 minutes 
in the cold, the suspension was centrifuged and the charcoal was 
washed three times with 2.5 ml portions of cold water. The 
charcoal was then suspended in 0.8 ml of 50% ethanol contain- 
ing 0.3 ml of concentrated NH,OH per 100 ml. An aliquot of 
this suspension (usually 0.1 ml) was placed on a copper planchet, 
dried, and the radioactivity determined with a thin window gas 
flow counter. The total c.p.m. incorporated into charcoal- 
adsorbable material was calculated, and from the specific radio- 
activity of the P;* the number of ymoles of phosphate incorpo- 
rated was obtained. A self-absorption factor of 1.15 (2) was 
applied. A control incubation containing no enzyme was gen- 
erally carried through the whole procedure with each experiment 
and the results presented have been corrected for the small 
amount of radioactivity adsorbed onto the charcoal from these 
samples. In some cases, enzyme was added to the control tube 
at the end of the incubation. 


RESULTS 


Nucleoside Diphosphate-P;** Exchange Studies 


Experiments with GDP—The experiments of Grunberg-Manago 
et al. (1) were carried out in the presence of 5 mm MgClo, 2 mm 
potassium phosphate, and 1 mm GDP (GDP:P; = 0.5), whereas 
Littauer and Kornberg utilized 4 mm MgCl:, 0.52 mm potassium 
phosphate, and 0.8 mm GDP (GDP:P; = 1.5). Analogous 
conditions gave good rates of exchange with UDP, ADP, and 
CDP, but the reaction was sluggish with GDP. A study of the 
rate of GDP-P;* exchange as a function of the ratio of GDP 
concentration to P; concentration at 5 mm MgCl, (Fig. 1) shows 
that the conditions described above do not afford the maximal 
reaction velocity. The maximal exchange rate occurs at a 
GDP:P; ratio of about 0.17. At the ratios used by the previous 
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Fic. 1. The GDP:P;** exchange reaction as a function of the 
ratio, GDP:P;. The reaction mixtures (0.1 ml) contained 3.9 
ug of E. coli enzyme and the following in mM concentrations; Tris 
buffer, pH 8.2, 100; MgCl, 5.0; ethylenediaminetetraacetate, 0.2; 
GDP, 4.0, and P;** as indicated (specific radioactivity, 220,000 
c.p.m./umole). Incubation time, 30 minutes. 


workers the rate is at best z'5 of the maximum. Results similar 
to those shown in Fig. 1 were obtained with another lot of GDP 
and also with a GDP preparation that had been passed through 
a Dowex 50 column to remove extraneous metal ions. The 
experiment in Fig. 1 was carried out with E. coli enzyme; similar 
results were obtained with A. agilis polynucleotide phosphorylase 
(SA 60 and SA 55). 

The data in Table I indicate that 4 mm GDP represents an 
optimal GDP concentration at a GDP:P; ratio of 0.17. Ata 
GDP: P; ratio of 1.0, an increase of the GDP concentration from 
4 mm to 8 mm decreased the exchange rate by more than 50% 
(Experiment 2, Table I). The experiments of Fig. 1 were carried 
out at a GDP concentration of 4 mm. 

At GDP:P; ratios which were unfavorable for exchange at 
5 mm MgCl,, stimulation of the reaction rate could be obtained 
by varying the MgCl. concentration. Indeed, reaction rates 
were obtained similar to the maximum observed in the experi- 
ment of Fig. 1 (Fig. 2). In Fig. 2, the extent of reaction is 
plotted as a function of the MgCl, concentration at three different 
GDP:P; ratios. The MgCl. concentration required for maximal 


TABLE I 

Rate of GDP-P ;** exchange as function of GDP concentration 

The reaction mixtures (0.1 ml) contained 0.95 ug (Experiment 
1) or 3.9 wg (Experiment 2) of EZ. coli enzyme, and the following 
in mM concentrations: Tris buffer, pH 8.2, 100; MgCl:, 5; ethylene- 
diaminetetraacetate, 0.2; and GDP and sodium potassium phos- 
phate as indicated. The specific activity of the Pi was 159,000 
c.p.m./ymole in Experiment 1 and 300,000 c.p.m./umole in Experi- 











ment 2. Incubation time was 30 minutes. 
Pj incorporated into 
Experiment GDP:P; GDP concentration | charcoal-adsorbable 
nucleotides 
| mM umoles/hr/mg protein 
1 0.17 0.8 4.2 
2.0 27.1 
4.0 43.7 
8.0 33.3 
2 | 1.0 4.0 1.86 
| 8.0 0.62 
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Fie. 2. The GDP-P;** exchange reaction as a function of MgCl. 
concentration. All the reaction mixtures had a total volume of 
0.1 ml and contained 100 mm Tris buffer pH 8.2, 4.0 mm GDP, 0.2 
mm ethylenediaminetetraacetate, and MgCl. as indicated (molar 
concentration). In experiments where GDP:P; = 1, the mixtures 
also contained 4.0 mm Pj** (specific activity 91,300 c.p.m./umole) 
and 1.9 wg of EF. coli enzyme; incubation time, 1 hour. Where 
GDP:P; = 0.5, they contained 8.0 mm Pj** (specific activity, 
157,000 c.p.m./umole) and 0.96 wg of EF. coli enzyme; incubation 
time, 30 minutes. Where GDP:P; = 0.17, they contained 24 mm 
P;*? (specific activity, 151,000 c.p.m./umole) and 0.96 ug of E. coli 
enzyme; incubation time, 30 minutes. 


activity appears to decrease as the GDP:P; ratio decreases. 
This may be expressed in another way: with increasing inorganic 
phosphate concentration, the concentration of MgCl: required 
for maximal activity:decreases. All the experiments were car- 
ried out at 4mm GDP. Similar results have been obtained with 
A. agilis polynucleotide phosphorylase (SA 60 and SA 55) and 
with different samples of GDP. 

With EF. coli or A. agilis enzyme preparations, comparable 
rates of exchange for ADP, UDP, and GDP have now been 
observed (Table II). The experiments in Table II were carried 
out at a GDP: P; ratio of 0.5 with 0.01 m MgCle. The conditions 
for ADP and UDP were derived from the optimal conditions 
reported in the literature (1, 2). It will be noted that the rela- 
tive rates for the three diphosphates differ with different enzyme 
preparations. The reason for this difference in rates is unknown. 
Data obtained with polynucleotide phosphorylase from A. agilis 
strongly suggest that all four nucleoside diphosphates are sub- 
strates for a single enzyme. Thus, in the purification of the 
enzyme over 200-fold, the specific activity increases to approxi- 
mately the same extent for each of the diphosphates (13). 

Effect of Oligonucleotides on GDP-P;® Exchange Reaction— 
Table III gives some representative data showing the stimula- 
tion of the GDP-P;* exchange reaction by the addition of com- 
pounds such as pApA and pApApA. The compounds in this 
group contain unesterified, terminal C-3’ hydroxyl groups and 
serve as primers for GDP polymerization (7). The experiments 
were carried out with a GDP:P; ratio of 0.5, in the presence of 
0.01 m MgCle. The dinucleotide pApA does not greatly stimu- 
late the rate of exchange, whereas the trinucleotide affords a 3- 
fold stimulation. Increasing the concentrations of oligonucleo- 
tides over those given in Table III did not afford additional 
stimulation. In similar experiments it was found that the tetra- 
nucleotide, pApApApA, gave no stimulation of the GDP-P;* 
exchange reaction. The data in Table III include controls for 
the formation of labeled ADP as a result of the phosphorolysis 
of pApApA, and similar controls were used when the tetranucleo- 
tide was studied. The dinucleotide, pApA, is not phosphorolyzed 
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by polynucleotide phosphorylase (10) and no similar control is 
required. 

The stimulations of GDP-P;* exchange by pApA and pApApA 
as well as the lack of stimulation by pApApApA were confirmed 
in similar experiments in which the nucleoside diphosphates pro- 
duced were eluted from the charcoal; the GDP and ADP were 
separated by chromatography in Solvent System 2, and the 
radioactivity in each was determined. The GDP isolated from 
the reaction mixture containing no oligonucleotide had a specific 
radioactivity of 8,000 c.p.m./umole. When GDP-P;* exchange 
was carried out in the presence of pApA the isolated GDP had 
an activity of 11,000 c.p.m./umole. When the trinucleotide, 
pApApA, was used, no ADP was seen on the chromatogram nor 
was any significant radioactivity detected in the ADP region; 
the activity of the isolated GDP was 19,000 c.p.m./umole. In 
the case of the tetranucleotide, pApApApA, radioactive ADP 
was isolated; the GDP had an activity of 9,000 c.p.m./umole, 
again showing very little stimulation of the exchange by pApA- 
pApA. It is of interest that the GDP-P;* exchange reaction 
and the phosphorolysis of pApApApA were able to proceed in- 
dependently in the same reaction mixture. 


TABLE II 
Comparison of exchange rates with GDP, ADP, and UDP 

Reaction mixtures (0.1 ml) contained the following in mm con- 
centrations: Tris buffer, pH 8.2, 100; ethylenediaminetetraace- 
tate, 0.2; and Pi, 8 (specific activity, 60,000 c.p.m./umole), and 
one of the following combinations: 4 mm GDP and 10 mm MgCl:, 
5.0 mm ADP and 5.0 mm MgCle, or 10 mm UDP and 5.0 mu 
MgCl.. Enzyme additions were as follows (ug/ml): E. coli, 19; 
SA 55, 26; SA 60, 13. Incubation time, 1 hour. 























Pj incorporated into charcoal-adsorbable 
nucleotides 
Substrate 
umoles/hr/mg protein 
GN eat hee 41 45 48 
Be eA ay 33 51 113 
PE so cir cae GRR, Se Ree 85 49 83 
TaBLe III 


Effect of pApA and pApApA on GDP-P;** exchange 
The complete reaction mixtures (0.1 ml) contained 6.3 ug of 
A. agilis polynucleotide phosphorylase (SA 60) per ml and the 
following in mM concentrations: Tris buffer, pH 8.2, 100; MgCl., 


' 10; ethylenediaminetetraacetate, 0.2; P;, 8 (106,000 c.p.m./umole) ; 














GDP, 4. Incubation time, 1 hour. 
Pj incorporated into 
System charcoal-adsorbable | Fold stimulation 
nucleotides 

age pumoles/hr/mg protein 
CNR. io oe. 5s Seated he ae 47 
Complete + pApA (1.3)*........ 64 1.4 
Complete + pApA (2.6)......... 64 1.4 
Complete + pApApA (0.5)....... 169 3.2 
Complete + pApApA (1.0)....... 170 3.0 
No GDP, + pApApA (0.5)....... 18 
No GDP, + pApApaA (1.0)....... 27 





* Numbers in parentheses indicate the mm concentrations of 
the oligonucleotides. 
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The data in Table IV show that oligonucleotides such as ApUp, 
which have phosphate monoesterified to the C-3’ hydroxy] of the 
terminal nucleoside residue, also stimulate GDP exchange. 
These oligonucleotides are not phosphorolyzed by polynucleotide 


TABLE IV 
Effect of ApUp, ApApUp, and ApApApUp 
on GDP-P ;** exchange reaction 

The reaction mixtures (0.1 ml) contained 0.96 ug of EZ. coli en- 
zyme and the following in mm concentrations: Tris buffer, pH 
8.2, 100; MgCle, 5; ethylenediaminetetraacetate, 0.2; GDP, 4; and 
P;, 24 (specific activity, in c.p.m./umole, 103,000 in Experiment 1, 
and 92,000 in Experiment 2). Incubation time was 1 hour for 
Experiment 1, and 1 hour and 10 minutes for Experiment 2. 











P; incorporated into 
Experiment Additions acid-soluble Fold stimulation 
nucleotides 
pmoles/hr/mg protein 
1 None 20 
ApUp (2.3)* 43 2.2 
ApApUp (1.7) 34 md 
ApApApUp (2.1) 43 2.2 
2 None 23 
ApUp (1.3) 50 2.2 
ApApUp (1.7) 39 1.7 
ApApApUp (2.1) - 43 1.9 














* Numbers in parentheses indicate the mm concentrations of 
the oligonucleotides. 


TABLE V 


Effect of oligonucleotides on exchange 
between ADP or UDP and P;;” 

Reaction mixtures (0.1 ml) contained the following in mm con- 
centrations: Tris buffer, pH 8.2, 100; ethylenediaminetetraace- 
tate, 0.2; MgCle, 5; Pi, 8.0 (92 X 10° and 131 X 10? ¢.p.m./umole 
in Experiments 1 and 2, respectively), ADP, 5, or UDP, 10, and 
oligonucleotides as indicated. A. agilis (SA 60) enzyme was used 
in a concentration of 6.3 ug per ml except in the UDP part of Ex- 
periment 1 where the concentration was 12.5 4g per ml. Incuba- 
tion time was 0.5 and 1.0 hour in Experiments 1 and 2, respectively. 




















Esper setae the | churn [Pll tin 
pmoles/hr/mg protein 
1 ADP | 71 
ADP + pApA (3)* | 131 1.8 
ADP + pApApA (0.5) 176 2.4 
UDP | 37 
UDP + pApA (3) | 51 ee 
UDP + pApApA (0.5) | 127 | 3.3 
pApApA (0.5) | 6 | 
| | 
2 ADP | 118 | 
ADP + ApUp (1.9) 144 1.2 
ADP + ApApUp (0.7) 145 | 1.2 
UDP be 60 
UDP + ApUp (1.9) 119 | 2.0 
UDP + ApApApUp (1.1) 108 1.8 





* Numbers in parentheses indicate the mm concentrations of 
the oligonucleotides. 
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phosphorylase (10) and therefore no control incubations com- 
parable to the ones described for pApApA were included. 

In summary, a significant stimulation of the GDP-P;® ex. 
change reaction was obtained with pApApA and pApA, which 
promote GDP polymerization, and also by compounds such ag 
ApUp which are not able to promote poly G? formation (7), 
Although in similar experiments the extent of stimulation varied 
somewhat (pApA, for example, failed to stimulate in certain 
experiments), the stimulation was never very large. 

Exchange Reaction with ADP and UDP—The effect of various 
types of oligonucleotides on the rate of the exchange of P; with 
ADP and UDP was also investigated. The experiments in 
Table V show that a significant, although small, stimulation of 
the exchange rates was obtained in the presence of these oligo- 
nucleotides. These results confirm similar unpublished data 
obtained by Dr. Sanae Mii.! These experiments were carried 
out with an A. agilis polynucleotide phosphorylase preparation 
(SA 60) that catalyzes the polymerization of ADP or UDP only 
after a lag period (8). The concentrations of oligonucleotides 
used in these experiments were of the same order of magnitude 
as those required to overcome the lag in polymerization (6). In 
calculation of the stimulation by pApApA (Table V) the data 
were corrected for the amount of P;* incorporated as a result of 
phosphorolysis of the oligonucleotide. The dinucleotide, pApA, 
and the compounds, ApUp, ApApUp, and ApApApUp, are not 
phosphorolyzed (10) and no such correction need be applied. 

The lag in the polymerization of ADP and UDP found with 
certain A. agilis enzyme preparations (8) can be overcome by 
poly A and poly U, respectively (6, 8,9). On the other hand, it 
was found that poly U inhibits poly A synthesis, and also that 
poly A inhibits poly U synthesis (8, 9). It was therefore of 
interest to study the effect of these polymers on the exchange 
reaction. In these studies it was necessary to consider the 
simultaneous phosphorolysis of the polymers, which, in the 
presence of P;*, leads to the formation of radioactive nucleotides. 
The data in Experiment 1, Table VI, indicate that when poly A 
and ADP are present in one reaction mixture, the total charcoal- 
adsorbable, radioactive nucleotide formed is the sum of that 
obtained when each of the two substrates is present alone. 
Similar experiments were carried out for the combination of 
UDP with poly U (Table VI, Experiment 1). However, as 
shown in Table VI (Experiment 2), when poly A is added to 
UDP or poly U to ADP, the incorporation of P;** into nucleotide 
material is greatly inhibited; the values obtained are lower than 
those noted for either the nucleoside diphosphate or polymer 
alone. 

The experiments of Table VI were carried out with an A. 
agilis preparation (SA 60) that demonstrates the lag phenomenon 
in polymerization experiments. Similar results have been ob- 
tained with the Z. coli enzyme that polymerizes ADP and UDP 
without a lag, but with which inhibition of polymerization has 
been demonstrated by mixing ADP and poly U or UDP and 
poly A.* 

GDP-P;* exchange was not inhibited by the presence of either 
poly A or poly U. 


? The abbreviations used are: poly A, polyadenylic acid; poly 
U, polyuridylie acid; poly G, polyguanylic acid; poly I, polyino- 
sinie acid; and poly AGUC, mixed polymer of adenylic, uridylic, 
cytidylic, and guanylic acids. 

3M. F. Singer, unpublished data. 
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TaBLeE VI 
Effect of polymers on exchange of ADP and UDP with P;** 

Experiment 1. The reaction mixtures (0.1 ml) contained 1.25 
ug of A. agilis enzyme (SA 60) and the following in mm concen- 
trations: Tris buffer, pH 8.2, 100; ethylenediaminetetraacetate, 
0.2; MgCle, 5.0; and P; (92,500 c.p.m./umole), 8. Where indicated 
in the table the reaction mixtures also contained 5 mm ADP, 10 
mom UDP, 0.5 mg per ml of A. agilis poly A or 0.5 mg per ml of 
E. coli poly U. Incubation time was 1.25 hours. 

Experiment 2. The reaction mixtures were the same as de- 
scribed for Experiment 1 with the following exceptions. The P; 
contained 85,000 c.p.m./umole and M. lysodeikticus poly A was 
used. Incubation time was 0.5 hour. 








Total c.p.m. incor- 
Experiment Substrate porated into charcoal- 
adsorbable nucleotides 
1 Poly A 6,800 
ADP 14,000 
Poly A + ADP 21,000 
Poly U 9,800 
UDP 7,700 
Poly U + UDP 21,000 
2 Poly A 3,000 
UDP - 2,700 
Poly A + UDP 447 
Poly U 6,300 
ADP 5,000 
Poly U + ADP 1,900 











Thymine Ribonucleoside Pyrophosphate Exchange—It is of 
interest from the point of view of the specificity of polynucleotide 
phosphorylase that the enzyme also catalyzes the synthesis of a 
polymer of thymine ribonucleotide units from thymine ribo- 
nucleoside pyrophosphate (14). We have now shown that the 
enzyme catalyzes an exchange between P;*” and thymine ribo- 
nucleoside pyrophosphate. Thus, at a ratio of thymine ribo- 
nucleoside diphosphate to P;* of 0.9, in the presence of 3.6 mm 
nucleotide and 5 mm MgCly, the rates of exchange were 17 and 
9 wmoles per hour per mg protein with the £. coli and A. agilis 
(SA 60) enzymes, respectively. 


Phosphorolysis of Polynucleotides 


Effect of ApUp and its Homologues on Phosphorolysis—In the 
presence of an excess or equimolar concentration of ApApUp, the 
phosphorolysis of pApApA is inhibited about 20% (Table VII). 
The tetranucleotide ApApApUp is a more effective inhibitor of 


pApApA phosphorolysis (Table VII) than is ApApUp. On the | 


other hand, the phosphorolysis of pApApApaA is not inhibited by 
a 4-fold excess of ApApUp and is only slightly inhibited by a 6- 
fold excess of ApApApUp (Table VII). It was also found that 
the nondialyzable fraction produced after exhaustive digestion 
of RNA with pancreatic ribonuclease (RNA-core) inhibits the 
phosphorolysis of polynucleotides. This material is a mixture of 
oligonucleotides that are terminated by pyrimidine nucleoside 
tesidues bearing phosphate monoesterified on their C-3’ hydroxy] 
groups. When the RNA-core was present in concentrations 
about twice those of the substrates, the rates of phosphorolysis 
of pApApA, pApApApA, poly A, and poly U were inhibited ap- 
proximately 50%. 

Stepwise Phosphorolysis of Oligonucleotides—The phosphoro- 
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lysis of pApApApU was studied in order to determine the mech- 
anism of the cleavage reaction. The cleavage of the diester 
bonds in a polynucleotide molecule could occur at random or 
specifically at one or the other end of the chain. It appeared 
that determination of the initial products of phosphorolysis might 
allow a distinction between these alternatives. The tetranucleo- 
tide, pApApApU, was incubated with EZ. coli polynucleotide 
phosphorylase and aliquots were taken at various times for 
chromatography in Solvent 1 (Fig. 3A). Two of the possible 
products, pApApA and pApA, are not well resolved by this 
solvent. The area containing them was eluted and rechroma- 
tographed in Solvent 2 (Fig. 3B) in order to determine their 
relative concentrations. The various materials were eluted, 
their amounts determined quantitatively (Table VIII) and their 
identity confirmed by rechromatography in Solvent 2 (Table 
VIII). The major initial products of pApApApU phosphorolysis 
are UDP and pApApA. At the first time interval (1 hour), only 
small amounts of pApA and ADP are formed. At the second 
time interval (3 hours), the quantities of both pApA and ADP 
have increased, and in equimolar amounts. These results sug- 
gest that the first bond cleaved is the one between the uridine 
residue and its neighboring adenylic acid unit. The resulting 
pApApA is then phosphorolyzed to give pApA and ADP. The 
dinucleotide pApA accumulates as an end product since it is not 
phosphorolyzed by polynucleotide phosphorylase (10). 

The mechanism of phosphorolysis was also studied with a 
preparation of poly G that was synthesized with pApApA as a 
primer (7). This poly G sample had an average chain length of 
11.4, indicating 8.4 guanylic acid residues, on the average, to 
every molecule of pApApA. The details of its preparation and 
characterization have been described (7). Poly G (1.0 mg per 
ml) was incubated in the presence of 8.8 mm phosphate buffer, 
pH 7.4 (266,000 c.p.m./umole), 3 mm MgCl, and 39 ug per ml 
of E. coli polynucleotide phosphorylase. At 1, 2, 3, 4, 5, and 6 
hours, 0.1 ml samples were assayed for P;* incorporation into 


TaBLe VII 
Effect of ApApUp and ApApApUp on phosphorolysis 
of pApApA and pApApApA 
The reaction mixtures (0.125 ml) contained the oligonucleotides 
indicated in the table, 15.4 ug of E. coli polynucleotide phospho- 
rylase per ml, and the following in mm concentrations: Tris buffer, 

















pH 8.2, 40; MgClo, 4; and Pi, 12 (200,000 c._p.m./umole). Incu- 
bation time, 1 hour. 
| Additions 
Substrate 
Substrate | concen- 
| tration 
None ApApUp, 1.0 mu ApApApUp, 
“a SS 
pApApA 0.32 4.7* 3.6 (23)t 
0.63 8.3 6.3 (24) 
1.3 18.1 14.5 (20) 
0.34 6.4 2.9 (55) 
pApApApA | 0.14 | 11.4 9.4 (17) 
| 0.28 | 19.8 19.8 (0) 18.2 (8) 
0.80 | 55.7 55.7 (0) 52.1 (7) 








* Results are expressed as umoles of P; incorporated into char- 
coal-adsorbable nucleotides per hour per mg protein. 
+ The numbers in parentheses give the percentage of inhibition. 
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The incuba- 
tion mixture contained 23 ug of EZ. coli polynucleotide phosphoryl- 
ase per ml and the following in mM concentrations: Tris buffer, 
pH 8.2, 50; MgCls, 5; NaKPO,, pH 7.2, 30; and pApApApU, 2.2. 
At 0 time a 0.02 ml aliquot was applied to Whatman No. 3 MM pa- 


Fic. 3. Stepwise phosphorolysis of pApApApU. 


per and the paper was dried and stored in the cold. Incubation 


TaBie VIII 
Stepwise phosphorolysis of pApApApU 

The incubation mixture is described in the legend to Fig. 3. 
The areas corresponding to,the listed compounds were eluted with 
H.O from the chromatogram shown in Fig. 3 and their concen- 
trations were estimated from the absorbancy of the eluates at 
suitable wave lengths with known extinction coefficients. The 
absorbancy of each eluate was corrected for the absorbancy of 
the eluate of a corresponding area of blank paper. The eluates 
were concentrated and rechromatographed in Solvent 2. Each 
substance had the same Rapp (Rr relative to that of ADP) in 
this solvent as the respective known markers. Solvent 2 also 
afforded the separation of pApA and pApApA (See Fig. 3) and 
the yields of these substances were determined after elution from 
the Solvent 2 chromatogram. 





| Amount recovered 





Compound | Rapp in | —__—_— aa 
| 0 hr | thr | 3 hr 
pmoles/ml 

pApApApU........... 0.18 2 | om 0.15 
__ . eae 0.77 0.0 | 0.90 | 1.0 
EE 10 | 0.0 | 0.21 | 0.61 
elipieh.....5.....5.: 0.45 | 0.0 | 0.95 | 0.80 
"He aaa ae | 0.84 | 0.0 | 0.14 | 0.55 





4 It was assumed for this work that the molar extinction coeffi- 
cient of an oligonucleotide is approximated by the sum of the 
molar extinction coefficients of its constituent nucleotides. For 


was at 37°. After 1 and 3 hours of incubation, additional ali- 
quots (009 ml) were quantitatively applied to the paper which 
was chromatographed in Solvent 1 (A). The areas marked 
pApApA + pApA in A were eluted with H:2O and rechromato- 
graphed in Solvent 2 (B). 


charcoal-adsorbable nucleotide. The reaction rate was approxi- 
mately linear for 5 hours after which it appeared to decrease. 
The rate was 0.023 umole of P; incorporated per ml of reaction 
mixture per hour. Under similar conditions the rates of phos- 
phorolysis of poly A and poly U were 0.11 and 0.25 umole of P;* 
incorporated per ml per hour, respectively. After removal of 
aliquots of the charcoal suspensions for counting, the nucleotides 
were eluted from the remaining charcoal by three treatments 
with 1 ml of 50% ethanol containing 0.3 ml of concentrated 
NH,OH per 100 ml. The eluates were concentrated and chroma- 
tographed in Solvent 1. Only one ultraviolet-absorbing area, 
below the origin, was found in any of the six time samples. This 
had the same Ry as GDP. In addition, a radioautogram of the 
paper showed only one radioactive area at each time interval 
and this also had the Rr of GDP. ADP separates from GDP 
in this solvent (the Rr of ADP relative to that of GDP is 3). In 
addition, oligonucleotides such as pApApA, pApApApG, pApA- 
pApGpG and pApApApGpGpG separate from GDP and ADP 
in this solvent (7). Thus, any significant cleavage of the internal 
diester bonds of the poly G would have been detected by the 
procedure used. 





example, the concentration, C, of pApApApU in ymoles per ml, 
when the absorbancy is measured at pH 2, is given by C = Absaso 
[3(15.1) + 10.0], where the molar extinction coefficients for AMP 
and UMP are 15,100 and 10,000, respectively. The approximation 
does not account for any hypochromic effect. 
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DISCUSSION 


On the basis of the data concerning GDP-P;* exchange pre- 
sented above and that concerning GDP polymerization (7), it 
appears likely that polynucleotide phosphorylase can efficiently 
utilize GDP, as well as ADP, UDP, CDP, and thymine ribo- 
nucleoside pyrophosphate as substrates. This conclusion holds 
for enzyme preparations from E. coli and A. agilis and is con- 
sistent with the findings of Ochoa et al. (13, 15). The latter 
investigators have shown that the relative activities of ADP, 
UDP, CDP, and GDP in the exchange reaction remain constant 
with the purification of the A. agilis enzyme (13). Also pertinent 
is the isolation (1) and characterization (4) of poly AGUC and 
the demonstration that all four nucleotides are bound together, 
at random, in poly AGUC (15). However, the work of Olmsted 
and Lowe (16, 17) has supported the notion that separate en- 
zymes for each of the nucleoside diphosphates are present in 
Micrococcus lysodeikticus. 

Some of the experiments discussed above are pertinent to the 
question of the relation of the exchange reaction (Equation 2) 
to the mechanism of polymerization. Grunberg-Manago (18) 
has pointed out two hypotheses concerning this relation: (a) the 
exchange represents the reversible formation of a nucleoside 
monophosphate-enzyme complex; and (b) the exchange results 
from the occurrence of the over-all reversible reaction (Equation 
1) under approximately equilibrial conditions. Earlier data 
bearing on this question have been reviewed by Grunberg- 
Manago (18). The observation that polynucleotide phosphory]- 
ase catalyzes an exchange between GDP and P;*® in the absence 
of any oligonucleotide primer suggests that the exchange reaction 
is independent of polymerization since the latter is dependent 
on the presence of a primer (7). The stimulation of GDP ex- 
change by compounds like pApApA and ApApUp would appear 
to be unrelated to the effect of oligonucleotides on GDP poly- 
merization since ApApUp and its homologues do not prime poly 
G formation. This conclusion is also supported by the exchange 
experiments with ADP and UDP, with enzymes which form 
poly A and poly U only after a lag period. No lag has been 
observed with the exchange reaction. In addition, the stimula- 
tion of the rate of ADP and UDP polymerization, when oligo- 
nucleotides are used to overcome the lag period (6), is of much 
greater magnitude than the increase in the rate of ADP and UDP 
exchange caused by such compounds. 

The inhibition of ADP and UDP exchange by poly U and 
poly A, respectively, apparently reflects a reaction common to 
both exchange and polymerization since completely analogous 
inhibitions are observed with ADP and UDP polymerization (8). 
This specific inhibition of both exchange and polymerization by 
polymers has recently been confirmed by Heppel,® who has 
extended the observation to several nucleoside diphosphate- 
polymer pairs, e.g. IDP and poly C, CDP and poly I. 

A stepwise mechanism for the phosphorolysis of oligoribo- 
nucleotides is indicated by the experiments on pApApApU and 
poly G phosphorolysis. Thus, phosphorolysis of pApApApU 
might have occurred (a) with random cleavage of the susceptible 
diester bonds, yielding equivalent amounts of pApA, pApApA, 
UDP, and pApU as initial products; or (b) in stepwise fashion 
from the end of the chain bearing a uridine residue, yielding 


5 L. A. Heppel, unpublished data. 
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equivalent amounts of pApApA and UDP as the initial products. 
The data obtained are consistent with the stepwise mechanism. 
This is confirmed by the fact that GDP was the only product 
observed during the phosphorolysis of a short chain length 
preparation of poly G. None of the oligonucleotides that would 
have resulted from a random type of cleavage were detected. 
Razzell and Khorana (11) have recently demonstrated that 
snake venom diesterase hydrolyzes deoxyribo-oligonucleotides in 
a stepwise manner from the end of the chain bearing the free 
C-3’ hydroxyl group. Thus, polynucleotide phosphorylase and 
venom diesterase appear to have a common mode of action. 


SUMMARY 


Polynucleotide phosphorylase catalyzes an exchange between 
guanosine 5’-diphosphate and inorganic orthophosphate-P® at a 
rate similar to the analogous reactions with adenosine 5’-diphos- 
phate and uridine 5’-diphosphate. Optimal conditions for this 
reaction were determined. Previous reports indicating that the 
enzyme does not utilize guanosine 5’-diphosphate as a substrate 
for the exchange reaction apparently resulted from the unfavor- 
able Mg++ and inorganic orthophosphate-P® concentrations that 
were used. When guanosine 5’-diphosphate, adenosine 5’-di- 
phosphate, or uridine 5’-diphosphate is the substrate, oligo- 
nucleotides (including pApA, pApApA, ApUp, ApApUp, and 
ApApApUp) stimulate the exchange reaction. Although poly- 
adenylic acid does not inhibit the exchange reaction when 
adenosine 5’-diphosphate is the substrate, nor polyuridylic acid 
when uridine 5’-diphosphate is the substrate, polyadenylic acid 
strongly inhibits uridine 5’-diphosphate exchange and similarly 
polyuridylic acid inhibits adenosine 5’-diphosphate exchange. 
The significance of these results with respect to the mechanism of 
the exchange reaction is discussed. 

Data are also presented that indicate that the polynucleotide 
phosphorylase catalyzed phosphorolysis of relatively short chain 
length polyribonucleotides occurs in a stepwise fashion. Cleav- 
age starts at that terminal nucleoside residue that has an un- 
esterified 3’-hydroxyl group. 
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The enzymic acetylation of aromatic amines is a two-step 
reaction (1). An extract of pigeon liver contains enzymes that, 
first, activate the acetate in the form of acetyl coenzyme A and, 
second, transfer the acetyl group to an aromatic amine. 

Recently Johnson et al. (2) reported that the acetylation of 
sulfanilamide by pigeon liver extract was inhibited by amethop- 
terin, N-[p-(N-methyl,N’-2 , 4-diaminopteridyl(6)methyl) amino- 
benzoyl] glutamic acid, at 10-5 m. The sensitivity of the 
acetate-activating step was not enough to explain the inhibition, 
and the inhibitor was shown to be noncompetitive with sulfa- 
nilamide. Thus it seemed possible that the amethopterin in- 
hibition indicated a pteridine-type cofactor for the acety]-transfer 
enzyme. Folic acid did not reverse the inhibition, but the re- 
duced forms of folic acid were not tested. 

This study was initiated to investigate the possible cofactor 
requirement of the acetyl-transferring enzyme. 


MATERIALS AND METHODS 


Enzymes—The crude extract of acetone powder of pigeon liver 
was prepared by extraction with 0.02 m sodium bicarbonate (10 
ml per g of powder), and the A40 and A60 fractions were prepared 
by acetone fractionation (0 to 40% and 40 to 60%, respectively) 
as described by Chou and Lipmann (1), except that no buffer was 
used and the fractionation was done at 0°. The acetone-precip- 
itated protein was dissolved in 1 m Tris, pH 8, and dialyzed 
against a solution that contained 0.001 m cysteine hydrochloride, 
0.002 m potassium bicarbonate, and 0.068 m potassium chloride. 
Phosphotransacetylase was extracted from dried cells of Clostri- 
dium kluyvert by grinding 2 g of cells, 16 g of alumina No. 303 
(Aluminum Company of America), and 16 ml of water in a cold 
mortar. 

Chemicals—p-Nitroaniline and p-nitroacetanilide (Eastman) 
had uncorrected melting points of 145-147° and 214-215°, re- 
spectively. 

Amethopterin and leucovorin were generously donated by Drs. 
J. J. Denton and E. L. R. Stokstad of the American Cyanamid 
Company. Folic acid, aminopterin, and CoA were obtained 
commercially. Aminoethylthiourea and aminopropylthiourea 
were synthesized and donated by Dr. D. G. Doherty of this lab- 
oratory. Tetrahydrofolic acid was prepared by the catalytic re- 
duction of folic acid according to the method of Rabinowitz and 
Pricer (3) and lyophilized under nitrogen. The spectrum of this 
product was identical with that reported by O’Dell et al. (4). 

Assays—The transfer of the acetyl group from p-nitroacet- 
anilide to aniline is accompanied by an increase in the optical 
density at 400 my because of the appearance of p-nitroaniline (5). 


* Operated by Union Carbide Corporation for the United States 
Atomic Energy Commission. 


Either a Zeiss or Beckman spectrophotometer was used, with the 
cell compartment thermoregulated so that the cuvette contents 
were kept at 29-30°. The velocity of the reaction is expressed in 
terms of the increase in the number of 0.001 OD units per minute 
calculated from the linear initial velocity. Usually a small de- 
crease in absorption caused by the enzyme alone occurs and is 
completed in 3 to 5 minutes. For this reason, a 5-minute prein- 
cubation of the enzyme in the assay mixture was routinely per- 
formed by withholding either the acetyl donor or acceptor. If 
any hydrolytic activity for p-nitroacetanilide was present, it was 
corrected for by observing the rate of p-nitroaniline appearance 
in the absence of acceptor. 

Sulfanilamide was measured by the Bratton and Marshall pro- 
cedure (6). Arsenolysis of acetylphosphate by phosphotrans- 
acetylase was performed according to the method of Stadtman (7). 


RESULTS 


Inhibition of Sulfanilamide Acetylation—The original report of 
amethopterin inhibition of sulfanilamide acetylation was based 
on studies of the crude extract of pigeon liver, which both ac- 
tivates and transfers the acetate (2). The extract was fraction- 
ated into A40, which activates acetate to form acetyl-CoA, and 
A60, which transfers the acetyl group from acetyl-CoA to sulfanil- 
amide (1). Phosphotransacetylase produces acetyl-CoA in a 
different manner in that acetyl phosphate is the source of acetyl]; 
it was shown that amethopterin did not inhibit this enzyme in 
the arsenolysis of acetyl phosphate. When the A40 fraction was 
replaced with phosphotransacetylase, the acetylation of sulfanil- 
amide was more rapid but the extent of inhibition by amethop- 
terin was not changed (Table I). Moreover, an increase in the 
amount of phosphotransacetylase by 5-fold did not change the 
extent of inhibition. Therefore, it is quite unlikely that the 
amethopterin inhibits sulfanilamide acetylation at the acetate- 
activation step. 

Not only amethopterin but also other members of the folic acid 
family exhibit inhibitory activity. The results reported in Table 
II show that leucovorin, folic acid, and tetrahydrofolic acid have 
some inhibitory activity but at concentrations 10 to 100 times 
as great as that at which amethopterin is effective. In considera- 
tion of the significance of amethopterin inhibition, the main point 
is whether the participation of a folic acid type of coenzyme in 
the acetyl transfer reaction should be inferred. Since these data 
show no reversal of amethopterin inhibition by folic acid, leuco- 
vorin, or tetrahydrofolic acid, such an inference is not supported. 
Perhaps the site of amethopterin inhibition is not the same as the 
site of folic acid or leucovorin inhibition since the addition of 
either of the latter to the former resulted in less inhibition than 
expected from the sum of the separate activities. In contrast, 
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TaBLeE I 
Inhibition of sulfanilamide acetylation by amethopterin 

The reaction mixture consisted of 0.02 m sodium citrate; 4 < 
10-* m sulfanilamide; 0.1% cysteine; 0.1 m Tris, pH 8.1; and 0.05 
mg per ml of CoA. Amethopterin was 1 X 10-° m when present. 
For phosphotransacetylase experiments, there was 0.02 m di- 
lithium acetyl phosphate, and for the A40 experiments, there were 
0.02 m sodium acetate and 0.005 m ATP. 

















Enzyme system Acetylation rate Inhibition 
myumoles/hr % 
A40 2 
A60 5 
A60 + A40 22 
A60 + A40 + amethopterin 16 27 
A60 + phosphotransacetylase 54 
A60 + phosphotransacetylase + 40 26 
amethopterin 
A60 + 5 X phosphotransacetylase 42 
A60 + 5 X phosphotransacetyl- 29 31 
ase + amethopterin 
TABLE II 
Inhibition of acetylation of sulfanilamide by compounds related to 
folic acid 


The reaction mixture consisted of 0.02 m sodium citrate, 0.008 
M sodium acetate, 0.005 m ATP, 0.1% cysteine hydrochloride, 0.1 
mM Tris (pH 8.1), 0.05 mg per ml of CoA, and extract of pigeon 
liver powder. The sulfanilamide concentration ranged between 
1.05 X 10-* and 1.05 X 10-* m with no difference in inhibition by 
amethopterin. 








Compound Concentration |Inhibition 

M % 

(1) Amethopterin 4.2 X 10-8 35 

8.4 X 10-6 58 

Leucovorin 7.2 X 10-5 38 

Folic acid 1.2 X 10 17 

Amethopterin (8.4 X 10-* m) + leu- | 60 

covorin (7.2 X 10-5 m) 

Amethopterin (8.4 X 10-§ m) + 58 
folic acid (1.2 X 10-4 m) 

(2) Amethopterin 1.0 X 10-5 35 
Tetrahydrofolic acid 4.5 X 10-4 10 
Amethopterin (1 X 10-5 Mm) + tetra- 50 

hydrofolic acid (4.5 X 10-4 m) 











tetrahydrofolic acid in conjunction with amethopterin produced 
an inhibition that was approximately the sum of the two in- 
dividual inhibitions. No further attempt was made to pursue 
these differences. 

Acetyl Transfer between p-Nitroacetanilide and Aniline—Since 
the inhibition by amethopterin apparently affects the acetyl- 
transferring enzyme, a system may be used where only the trans- 
fer activity occurs. Some of the properties of the present 
system will be reported since it is patterned after (a) the system 
used by Tabor et al. (5), where acetyl-CoA and p-nitroaniline 
were the reactants and (b) the system used by Bessman and 
Lipmann (8), in which sulfanilamide and p-(p-acetylamino- 
phenylazo)benzenesulfonate were the reactants. From the 
similarity of function and requirements, it seems likely that both 
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TaBLeE III 
Effectiveness of various thiols in stimulating acetyl transfer 
The reaction mixture consisted of 0.27 m Tris, pH 8.1; 0.01 » 
EDTA, pH 8; 1.6 X 10-‘ aniline; 1.6 X 10-5 m p-nitroacetanilide; 
A60 enzyme; and thiol as indicated. Rate is defined as the in- 
crease in the number of 0.001 OD units per minute at 400 mu. 





Compound | 











Concentration Rate 

M 
None 1.6 
Cysteine: HCl 0.02 11.2 
0.03 14.1 
0.13 14.4 
Thioglycolate 0.01 8.0 
0.05 11.8 
Mercaptoethanol | 0.01 5.8 
0.05 7.6 
Aminoethylthiourea | 0.05 4.9 
Aminopropylthiourea 0.02 4.0 
0.05 10.2 





reactions, as well as the one reported in this paper (in which the 
acetyl is transferred from p-nitroacetanilide to aniline), are 
catalyzed by the same enzyme. The requirement for reduced 
sulfhydryl component was shown after a gentle shaking of 
the enzyme in air at pH 8 to oxidize the cysteine introduced by 
dialysis. Cysteine is the most effective sulfhydryl compound 
tested (Table III) and achieves saturation of the enzyme at 0.03 
mM. Aminoethylthiourea and aminopropylthiourea rearrange to 
form sulfhydryl type compounds, namely mercaptoethyl- and 
mercaptopropylguanidine (9). 

The pH optimum of the acetyl-transfer reaction is broad since 
the rate was unchanged in passing from pH 7 to 8.5. The pres- 
ence of EDTA?! is not essential but serves to eliminate an initial 
lag in the reaction. 

Noncompetitive Inhibition of Amethopterin with Acetyl-Accep- 
tor Amine—Since amethopterin and the acetyl acceptor are both 
aromatic amines, it seemed likely that there was competition 
between them for the acetyl group. But this is clearly not the 
case. Fig. 1 illustrates the noncompetitive inhibition according 
to the plot of reciprocals of velocity and substrate concentration. 
Since the concentration of p-nitroacetanilide was not saturating, 
an accurate K, for aniline may not be obtained from this plot 
but is of the order of 9 X 10-6 m. Johnson et al. (2) reported 
that the acetyl acceptor, sulfanilamide, did not compete with 
amethopterin. 


Competitive Inhilntion of Amethopterin with Acetyl Donor— 
Whether amethopterin competes with the acetyl donor was more 
difficult to establish than in the case of the acceptor, because 
p-nitroacetanilide does not have a strong affinity for the enzyme 
and has a limited solubility in water. The plot of 1/v versus 
1/s indicates a competitive type of inhibition (Fig. 2A). Fur- 
thermore, as Dixon and Webb (10) point out, a treatment is 
possible that distinguishes between two mechanisms of inhibition, 
one in which the inhibitor combines with free enzyme, and the 
other in which the inhibitor combines with the enzyme-substrate 
complex which would result in a partial inhibition. For the 
latter, a plot of i v;/(v—v,) versus s results in a nonlinear graph 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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(i, inhibitor concentration; v, velocity uninhibited; v;, velocity 
inhibited; and s, substrate concentration). Fig. 2B presents the 
data plotted in this manner (the Hunter and Downs method). 
The straight line obtained indicates, therefore, that the compet- 
itive type of inhibition results from a combination of inhibitor 
with free enzyme. The positive slope of this plot indicates 
competitive inhibition. 

The Y intercept in Fig. 2B gives the K; as 3.25 x 10-° M. 
The X intercept of Fig. 2A is the value for —1/K,. The low 
slope of this line will result in some inaccuracy but the average 
of two such experiments gives a K, of 1.0 X 10-*m. The value 
of K, for either substrate of a two-substrate reaction can be 
determined accurately only when the rate response to varying 
concentrations of substrate A is measured at various concentra- 
tions of B. Lacking such values for the acceptor, the K, values 
given here are intended merely to indicate that aniline and 
amethopterin are bound much more tightly than p-nitroacetani- 
lide. 

Although the affinity of amethopterin for the enzymic site 
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Fic. 1. Inhibition of amethopterin noncompetitive with ani- 
line. Reaction mixture consisted of 0.1 m Tris, pH 8.1; 0.1 m 
EDTA, pH 8; 0.032 m cysteine hydrochloride (neutralized) ; 3.9 < 
10-* M p-nitroacetanilide; A60 enzyme; 1.21 X 10-® M amethopterin 
where appropriate; and aniline as shown. 
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appears to be approximately 30 times that of p-nitroacetanilide, 
these affinity relations need not necessarily represent the veloc- 
ities with which each of these substances react with the enzymic 
site. To determine whether amethopterin either (a) reacts 
relatively slowly with the enzyme, or (b) is blocked from the 
enzymic site by the substrate, two reactions were started; in one 
the inhibitor was present initially and in the other the inhibitor 
was added 10 minutes after the reaction had been started. As 
indicated by Fig. 3, there was no appreciable protection of the 
enzyme sites by the acetyl donor since the rate immediately 
decreased to that of the initially inhibited reaction on the addi- 
tion of amethopterin. 
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Fic. 3. Competition of amethopterin with p-nitroacetanilide. 
Reaction mixture consisted of 0.27 m Tris, pH 8.1; 0.01 m EDTA, 
pH 8; 0.032 m cysteine hydrochloride (neutralized); 5 X 10-4 M 
p-nitroacetanilide; A60 enzyme; 1.8% acetone; and 4 X 10-5 M 
aniline. Amethopterin, 1.2 X 10-‘M, was present initially in one 
experiment and added at 10 minutes in the other. Both reaction 
mixtures were preincubated 5 minutes at 29° before addition of 
aniline to start the reaction. 


TaBLe IV 


Effect of enzyme concentration on reversal of inhibition by 
amethopterin ’ 

The reaction mixture and conditions were: 0.27 m Tris, pH 8.1; 
0.01 m EDTA, pH 8; 0.032 m cysteine hydrochloride (neutralized 
with NaOH); 4 X 10-* Maniline; and A60 enzyme. In Experiment 
1 there was 2.5 X 10-4 m p-nitroacetanilide and in Experiment 2 
there were 5 X 10-4 mM p-nitroacetanilide and 1.8% acetone. Tem- 
perature, 29°. Preincubated without aniline for 5 minutes. An 
enzyme unit produced an increase at 400 my of 0.006 OD unit per 
minute in Experiment 2 and 0.003 OD per minute in Experiment 1. 
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To test further the apparent competition between acetyl donor 
and amethopterin for the acetyl-transfer enzyme, the inhibitor 
was titrated against the enzyme. If the inhibitor were blocking 
the function of an enzyme-bound coenzyme, then increasing the 
enzyme concentration should result in a diminished inhibition 
when the inhibitor concentration is held constant. On the 
other hand, the extent of inhibition would remain unchanged if 
the inhibitor is competing with substrate because the ratio of 
substrate to inhibitor remains constant. In Table IV, the 
results show that a 24-fold change in enzyme concentration did 
not change the extent of inhibition by any given concentration 
of amethopterin. 

Effectiveness of Aminopterin as Inhibitor—Amethopterin in- 
hibition of acetyl transfer depends to some extent on the pres- 
ence of the N-10 methyl group. In aminopterin, N-[p-(2,4- 
diaminopteridyl(6)methyl)aminobenzoyl]glutamic acid, however, 
this N-10 group is replaced by hydrogen. Under comparable 
conditions, amethopterin gave a 36% inhibition at 5 xX 10-5 m, 
whereas aminopterin inhibited only 4 and 12% at 1 x 10~ and 
2.3 X 10-4 M, respectively. Johnson et al. (2) also reported that 
amethopterin was more effective in inhibiting acetylation of 
sulfanilamide in crude extract of pigeon liver. 


DISCUSSION 


The inhibition by amethopterin of acetylation of sulfanilamide 
by pigeon liver extract (2) raised the possibility that a folic acid 
type of coenzyme might be involved. The results obtained in 
this study make this quite unlikely. First, none of the folic acid 
derivatives used reversed the inhibition; and second, the kinetic 
results show that the inhibitor competes with the acetyl donor 
for the enzyme. Confidence in the kinetic data, however, should 
be tempered by certain practical considerations. For instance, 
the solubility of p-nitroacetanilide, the acetyl donor, is rather 
limited (0.001 m being about the upper limit), and the affinity 
of this donor for the enzyme is not strong (K, being about 1x 
10-* m). Thus the concentration range that determines the 
slope of the reciprocal plot is limited. Other approaches, how- 
ever, confirmed the competitive nature of the inhibition. 

The rate of combination of amethopterin and enzyme was 
rapid and was not appreciably affected by the presence of the 
substrate. So, in this case, the stronger affinity of the inhibitor, 
relative to the substrate, is accompanied by a rapid formation of 
the enzyme-inhibitor complex (K; = 3.2 xX 10-5 M, whereas 
K, for p-nitroacetanilide is about 1 x 10-* m). 

The function of the acetyl-transfer enzyme in the liver may be 
in part to detoxify aromatic amines by acetylation. It is inter- 
esting that Johnson e¢ al. (2) measured the plasma level of free 
sulfanilamide in rabbits treated with amethopterin and detected 
greater amounts than in controls; the levels of acetylsulfanil- 
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amide were lower in the treated animals. Amethopterin inhibi. 
tion of acetyl transfer apparently occurs in living animals. This 
suggests that administration of an acetylation inhibitor might 
be advantageous when a drug is used that is inactivated by 
acetylation, provided that the necessary amount of the inhibitor, 
such as amethopterin, was not toxic. 

From the effectiveness of amethopterin as an inhibitor of 
transacetylation reactions at relatively low concentrations, the 
presumed specificity of this inhibitor toward reactions involving 
folic acid and one-carbon transfers should be reevaluated. The 
administration of amethopterin to living organisms may now be 
considered to affect the acetyl-transfer system, the metabolism 
of one-carbon units, and possibly other reactions and, therefore, 
probably represents a concurrent inhibition of several metabolic 
functions. 


SUMMARY 


1. The inhibition of the acetylation of aromatic amines by 
amethopterin, N-[p - (N - methyl, N’-2,4-diaminopteridyl (6) 
methyl)aminobenzoy]] glutamic acid has been shown to occur at 
the enzyme step involved in acetyl] transfer. 

2. This inhibition is not competitive with the aromatic amine 
but is competitive with the acetyl donor and thus is apparently 
unrelated to any folic acid type of coenzyme. 

3. The presence of folic acid, leucovorin, or tetrahydrofolic 
acid did not decrease the amethopterin inhibition but actually 
caused a small inhibition of acetyl transfer. 


Acknowledgment—The author has enjoyed a stimulating as- 
sociation with Dr. G. D. Novelli while engaged on this problem. 
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Because of the relative simplicity of its substrate, hydrogen, 
the enzyme hydrogenase is of particular interest in the study of 
the mechanism of enzyme catalysis. In its reaction with molec- 
ular hydrogen, hydrogenase simulates, in certain respects, the 
action of active platinum catalysts. It catalyzes the reduction 
by hydrogen of a variety of dyes and of various organic and 
inorganic compounds, and catalyzes the exchange reaction be- 
tween hydrogen and heavy water, i.e. H, + HDO = HD + 
H.O, and the conversion of para to ortho hydrogen (1). 

Inhibition studies on hydrogenase by Hoberman and Ritten- 
berg (2) have suggested that iron was involved in the activity of 
the enzyme. The enzyme can be inactivated by carbon mon- 
oxide (2), nitric oxide (3), and various iron pentacyano com- 
pounds (4). Oxygen could inactivate the enzyme either by 
oxidation or oxygenation (5). The nature of the enzyme has 
been the subject of numerous investigations, the one point of 
general agreement being that a metal ion is involved in the ac- 
tion of the enzyme. 

The investigation of this aspect of the problem has been ham- 
pered by the difficulty in obtaining highly purified preparations 
of the enzyme. These difficulties are in part due to the particu- 
late nature of the hydrogenase of many organisms. However, 
in the past few years organisms have been found which yield 
highly active soluble hydrogenase. Soluble hydrogenases have 
been prepared from Clostridium pasteurianum by Shug et al. 
(6), from Clostridium butylicum by Peck and Gest (7), and from 
Desulfovibrio desulfuricans by Sadana and Jagannathan (8). 
Since the hydrogenase activity of Desulfovibrio desulfuricans is 
high, we selected this organism for further study. In this report 
we shall describe the extraction in soluble form and purification 
of the hydrogenase of Desulfovibrio desulfuricans and describe 
some of its properties. 


EXPERIMENTAL PROCEDURE 


Desulfovibrio desulfuricans, strain Hildenborough, N.C.1.B., 
No. 8303, supplied by Dr. John Postgate, was used in these 
studies. The cells were grown as described by Sadana and 
Jagannathan (8), their medium being supplemented with 0.02% 
NH,.Cl and 0.01% CaCl,-6H,0. Total nitrogen was determined 


* This work was supported by contracts to Columbia University 
from the Office of Naval Research, Department of the Navy (ONR 
26602) ; from the Atomic Energy Commission (AT (30-1)1803), and 
from the National Institutes of Health (E-2839). Reproduction 
of this article in whole or in part is permitted for any purpose of 
the United States Government. The deuterium oxide was ob- 
tained on allocation of the Atomic Energy Commission. 


by Kjeldahl digestion and the NH; was estimated by distillation 
and titration or by addition of Nessler’s reagent. Protein con- 
centration was determined by ultraviolet absorption (9) or by 
the Lowry procedure (10). Oxygen-free hydrogen was prepared 
by passage over hot copper or by passage through a Deoxo puri- 
fier (Baker and Company, Inc., Newark). The iron pentacyano 
compounds were prepared according to Hofmann (11). 

Uptake and production of Hz were measured in a Warburg 
apparatus as described previously (12). The enzyme was as- 
sayed by the deuterium exchange method (5, 13). The assay 
flask (total volume, 30 ml) contained 0.5 ml of D,O (>99.5%), 
3 mg of crystalline bovine albumin, enzyme solution in a volume 
of 0.05 to 1.0 ml, and 0.15 m PO, buffer pH 6.7, to make the vol- 
ume up to 4.5 ml. The flask was cooled in ice-water for 10 min- 
utes; then, 25 mg of sodium hydrosulfite in 0.5 ml of the above 
buffer were added, and the flask immediately evacuated for 10 
minutes with a mercury diffusion pump and then filled with oxy- 
gen-free hydrogen. The flasks were then shaken at 25°, and gas 
samples were removed at 4-hour intervals and analyzed in the 
mass spectrometer for deuterium content. From a plot of the 
atom per cent excess deuterium against time, the rate of appear- 
ance of deuterium in the gas phase per hour was determined. 
This plot gave a straight line. One unit of hydrogenase activity 
is defined as that amount of enzyme necessary to cause the ap- 
pearance of 1.0 atom per cent excess D per hour in the gas phase 
under the experimental conditions (temperature = 25°, final 
pH = 6.5, D concentration of water = 10%, volume of liquid 
= 5.0 ml, volume of gas = 25.0 ml). Good proportionality 
between concentration of enzyme and rate of exchange was ob- 
tained only if the exchange rate did not exceed 0.2% excess D 
per hour. It has been shown (1) that at higher rates of reac- 
tion, diffusion of hydrogen gas into the liquid phase becomes 


rate-limiting. Therefore, only enough enzyme to catalyze an 


exchange of 0.2% per hour or less was used in each assay. 
RESULTS AND DISCUSSION 


Purification of Hydrogenase 

Extraction of Cells—In order to be able to fractionate the hy- 
drogenase of Desulfovibrio desulfuricans, it is necessary that the 
enzyme be in a soluble form. Our definition of a soluble enzyme 
is one whose activity is not sedimented at 100,000 x g for 1 
hour. 

Extraction of acetone powders of the cells by the method of 
Sadana and Jagannathan (8), who reported that this treatment 
yields soluble hydrogenase, gave, in our hands, no more than 
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TABLE I 
Purification of hydrogenase of Desulfovibrio desulfuricans 

















Fraction Seecife, Qt X 10-* | % Recovery 
ON ee 17 0.13 
CO 44 0.33 31 
Protamine supernatant......... 45 0.34 30 
Ammonium sulfate (60-95%) . .. 185 1.4 18 
NR 8 oa as, «ccc a vig sve 5 590 4.5 13 





* Specific activity is expressed in units of activity per mg N at 
25°. 

t Q is the microliters of Hz: activated per hour per mg N. For 
calculation of Q see text, footnote 2. 


5% of the enzyme in soluble form. We were able to obtain a 
reasonable amount of soluble hydrogenase by a variant of the 
method of Senez (14). Cells of Desulfovibrio desulfuricans were 
suspended in 50 ml of distilled water (4.7 mg N per ml) and an 
equal volume of 2 m glycine was added and the mixture shaken 
for 24 hours at 37° under an atmosphere of No. After centrifu- 
gation at 100,000 x g for 75 minutes, 31% of the activity of the 
whole cells was in the supernatant fluid. The extract was dia- 
lyzed at 1° against distilled water and then against 0.2 m phos- 
phate buffer pH 6.4, until the dialysate gave a negative ninhy- 
drin reaction. The extract was centrifuged at 65,000 x g for 
30 minutes to remove some insoluble material. No hydrogenase 
activity was lost on dialysis (see Table I). The extract con- 
tained 12% nucleic acid and was completely stable at 60° for 10 
minutes, but since this did not result in an increase in the spe- 
cific activity, this step was not included in the purification pro- 
cedure. Occasionally, the cells from a particular harvest were 
not extractable with glycine; the reason for this failure is not 
clear. 

The glycine extraction procedure failed to solubilize the hy- 
drogenase of Escherichia coli or Proteus vulgaris, which have been 
shown to be particulate (13). 

Fractionation of Extract—All the subsequent procedures were 
carried out at 1°. To 100 ml of the dialyzed extract, 5.6 ml of 
1% protamine sulfate pH 5.0, were added slowly with stirring 
and the stirring was continued for 1 hour after the addition. 
The inactive precipitate was removed by centrifugation at 65,000 
X g for 1 hour. This procedure reduced the nucleic acid con- 
tent of the supernatant to 2.5%. Solid ammonium sulfate 
(42.4 g) was added slowly with stirring to 100 ml of solution to 
bring it to 60% saturation, and after 30 minutes’ stirring the 
green precipitate which formed was removed by centrifuging 
at 65,000 x g for 30 minutes and discarded. To the 0-60% 
supernatant, 24.3 g of solid ammonium sulfate were added as 
before to bring the solution to 95% saturation, and after 30 
minutes the mixture was centrifuged at 65,000 x g for 30 min- 
utes. The precipitate from the 60-95% fraction was dissolved 
in 20 ml of 0.1 m phosphate buffer pH 6.4, and dialyzed against 
0.1 m phosphate buffer pH 6.4, until free of NH4*. 

The 60-95% ammonium sulfate fraction containing 1 to 1.5 


!This green precipitate, when dissolved, showed absorption 
maxima at 411 and 630 my in the oxidized form and at 411, 550 and 
630 mp when reduced with sodium hydrosulfite. This absorption 
spectrum is similar to that of the pigment desulfovirdin of De- 
sulfovibrio desulfuricans described by Postage (15) and by Ishi- 
moto (16). 
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mg of protein per ml was then fractionated with calcium phos- 
phate gel. Ten milliliters of an aged gel preparation containing 
9.7 mg of gel per ml were centrifuged and the supernatant dis- 
carded. To this packed gel were added 10 ml of the 60-95% 
fraction, and after shaking for 10 minutes the gel was centrifuged 
and the supernatant discarded. The gel was washed by shaking 
three times with 8 ml of distilled water (each time) and three 
times with 8 ml of 0.1 m phosphate buffer pH 6.4. The enzyme 
was eluted from the gel by shaking three times with 2 ml of 
0.5 m phosphate buffer pH 6.4. Eluting the enzyme from the 
gel by increasing the pH at constant ionic strength resulted in a 
considerable loss of activity. 

The results of this fractionation procedure are summarized 
in Table I. The procedure described results in a 35-fold puri- 
fication of hydrogenase. The purified enzyme with a specific 
activity of 590 has a Q of 4.5 x 10°, i.e. 1 mg N of the enzyme 
will activate 4.5 < 10° microliters of He per hour at 25°.2 (This 
corresponds to a Q of 9 x 10° at 37°.) Attempts to purify the 
enzyme by electrophoresis on filter paper or glass fiber paper 
were unsuccessful, due to very strong adsorption of the enzyme 
to the paper. 


Properties of Purified Hydrogenase 


Ability to Reduce Substrates—During the course of the purifi- 
cation of the enzyme, there was never any indication that a 
dialyzable or easily dissociable cofactor was involved in the 
activity of the enzyme with respect to its catalysis of the H.-D.0 
exchange reaction. All the activity could always be accounted 
for in the various fractions. Thus, for example, in the extrac- 
tion of the enzyme by glycine only 30% was soluble, but the 
other 70% was found in the sedimented residue. 

The purified enzyme, like the whole cells, was still capable of 
reducing methylene blue and benzyl viologen and liberating H: 
from reduced methyl viologen (12). The ratios of the rate of 
reduction of the two dyes to the rate of the exchange reaction 
in the purified enzyme were not very different from these ratios 
in whole cells. It, therefore, appears that the ability to reduce 
the substrates tested is not lost to a very marked degree by the 
purification procedure described. 

Effect of pH—The pH dependence of the activity of the puri- 
fied hydrogenase is shown in Fig. 1. The optimum pH for the 
exchange reaction as catalyzed by the enzyme was 5.5. For 
the reduction of methylene blue by a purified hydrogenase of 
Desulfovibrio desulfuricans, Sadana and Jagannathan (8) found 


2 Q can be calculated from the following formula 


_ (aC/at)V 


Q Coa 


where Q = microliters of H» activated per hour, permg N. dC/dt 
= initial rate of appearance of deuterium in the gas phase per mg 
N. Under the conditions of the routine assay, the rates measured 
are initial rates and dC/dt can be expressed in terms of specific 
activity. Specific activity is the units of enzyme activity per mg 
N where a unit of activity is defined as that amount of enzyme 
causing the appearance of 1 atom per cent excess deuterium in the 
gas phase per hour. V = volume of gas phase in microliters. 
In these experiments the volume of the gas phase was equal to 
25,000 ul. C.q = the concentration of deuterium in atom per cent 
excess in the gas phase at equilibrium. In these experiments 
where the liquid phase contained 10% D.O, the gas phase contains 
3.3 atom per cent excess deuterium at equilibrium. For the ex- 
perimental conditions described in this paper a specific activity 
of 1 is equal to a Q of 7600. 











Septe: 


the pF 
pH th 
fact tl 
is not 
under 
the re 
two re 
that s 
reduct 
genase 
pH re 
optim 
that o 
This d 
of the 
(2, 17, 

Effe 
step, | 
numb 
(POs): 


especi 


Fic 
tivity 
zyme 
entire 
value 
drosu 
phos 





ng 


% 
ed 


the 
1a 


zed 
Iri- 
ific 
me 
his 
the 
per 
me 


rifi- 
it a 
the 
DO 
ited 
rac- 
the 


le of 
EH: 
e of 
tion 
atios 
duce 
r the 


puri- 
r the 

For 
se of 
ound 


AC /dt 
or mg 
sured 
e-cifie 
er mg 
zyme 
in the 
liters. 
ial to 
r cent 
ents 
tains 
e ex- 
ivity 
























September 1960 


the pH optimum to be 8.4. As can be seen from Fig. 1, at this 
pH the exchange activity is only 40% of the maximum. The 
fact that different pH optima are reported here and by Sadana 
is not necessarily contradictory. Two different reactions are 
under investigation, i.e. the exchange between H; and D,O and 
the reduction of methylene blue and the pH optimum for these 
two reactions might indeed be quite different. It is quite likely 
that some other enzyme system or cofactor is required for the 
reduction of methylene blue (even though the purified hydro- 
genase described here still reduces methylene blue) and that the 
pH requirements for these other enzyme systems causes the pH 
optimum for methylene blue reduction to be quite different from 
that of hydrogenase itself as measured by the exchange reaction. 
This difference between the reduction of substrates and catalysis 
of the exchange reaction has been clearly demonstrated before 
(2, 17, 18). 

Effect of Inhibitors—The enzyme, after the ammonium sulfate 
step, was stable at —20°, even after being thawed and frozen a 
number of times. After adsorption and elution from (Ca)s- 
(PO,)2 gel, however, the enzyme was not as stable as before, 
especially to frequent freezing and thawing. Therefore, the 
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Fic. 1. Effect of pH on activity of purified hydrogenase. Ac- 
tivity was determined as described in ‘‘Experimental.’’ The en- 
zyme used was a preparation which had been carried through the 
entire purification procedure. The pH values are the final pH 
values of the reaction mixture after the addition of sodium hy- 
drosulfite. All buffers were 0.15 mM. A, acetate; @, citrate; O, 
phosphate; A, tris(hydroxymethyl)aminomethane. 
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TABLE II 
Inhibition of purified hydrogenase by iron cyano compounds 


All compounds were tested at a final concentration of 10-* m. 
The compounds were added to the enzyme and shaken in air for 
90 minutes, after which sodium hydrosulfite was added and the 
enzyme tested for activity by the exchange reaction. 
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Fig. 2. Exchange reaction in 100% DO. The gas was pure He 
and the liquid phase was 100% D,O, which was 0.15 m with respect 
to phosphate salts, and had a pH of 6.7. Sodium hydrosulfite 
(25 mg) was added before filling with He, and the exchange was 


carried out at 25°. The enzyme preparation used was a 60 to 95% 
(NH,).SO, fraction. 


following experiments were carried out with the 60-95% fraction 
as the source of the enzyme. 

The purified enzyme is extremely sensitive to oxygen. When 
the exchange reaction is carried out in the usual manner (evacu- 
ating for 10 minutes under high vacuum) but omitting the so- 
dium hydrosulfite, no activity can be detected. Addition of 
hydrosulfite completely activates the system. We have shown 
previously (5) that oxygen can inhibit hydrogenase either by 
oxygenation or oxidation. Both forms can be reactivated by 
hydrosulfite, but cyanide will prevent the reactivation only of 
the oxidized form. In order to establish the mechanism of oxy- 
gen inhibition of the purified hydrogenase, the effect of cyanide 
was investigated. When the enzyme was incubated with cya- 
nide (10-* m) before the addition of hydrofulfite, the activity 
was inhibited 25%. Therefore, at most, only 25% of the en- 
zyme is oxidized, most of it being in the inactive oxygenated 
form. 

It was previously observed (4) that the hydrogenase of Pro- 
teus vulgaris was inhibited by sodium nitroprusside, Naz [Fe- 
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(CN)sNO], and other iron pentacyano compounds in which the 
NO radical is replaced by other groups, and that this inhibition 
was not reversed by the addition of sodium hydrosulfite. Iron 
hexacyano compounds and ferrous and ferric ions were not in- 
hibitory. The effects of these compounds on the purified hy- 
drogenase of Desulfovibrio desulfuricans were investigated. In 
each case, the inhibitor was added to the enzyme to yield a 
final concentration of 10-* m and shaken in air for 90 minutes, 
after which sodium hydrosulfite was added and the enzyme 
tested for activity. Table II summarizes the results of this 
study. These are the same as those observed with the hydro- 
genase of Proteus vulgaris. Only the pentacyano compounds 
were inhibitory; ferricyanide, ferrocyanide, as well as Fe*++ and 
Fet++ were essentially without effect. We have previously 
suggested that the inhibition may arise from the substitution of 
the sixth group of the pentacyano compounds by an active 
group of the enzyme, since the sixth group is less firmly bound 
than the cyano groups of both the hexa- and pentacyano com- 
pounds. 

It should be noted that ferrous sulfate had no activating effect 
on the purified hydrogenase, although it has been reported (8, 19) 
that the purified hydrogenase from Desulfovibrio desulfuricans re- 
quired Fe++ for the reduction of methylene blue by hydrogen. 

Mechanism of Hydrogen Activation—We have previously sug- 
gested (1) that the hydrogen activation by hydrogenase is a 
heterolytic process resulting in the formation of an enzyme hy- 
dride and a proton, 1.e. 


E + H, = EH- + H+ 


This reaction will account for the ortho-para hydrogen conver- 
sion and the deuterium exchange catalyzed by hydrogenase. 
Evidence for this mechanism was obtained in Proteus vulgaris 
by studying the para hydrogen conversion and the exchange 
reaction between H: and D.O when the cells were suspended in 
100% D.O. No para hydrogen conversion occurred under these 
conditions, and in the exchange reaction it was found that the 
first gas species to appear was HD and that its rate of formation 
was greater than that of DD (20). The appearance of HD 
strongly suggests that only one of the H atoms of the H: mole- 
cule is in equilibrium with the water, the H attached to the en- 
zyme being rather firmly bound and not rapidly exchangeable 
with the hydrogen of the water. For Proteus vulgaris the ratio 
of appearance of DD to HD was about 0.5. In more recent 
experiments with lower cell concentrations the ratio was found 
to be 0.2.3 If the hydrogen were split homolytically, DD would 
be the predominant species formed with only small amounts of 
HD. This was shown to be the mechanism of platinum cataly- 
sis.4 

Since the purified hydrogenase of Desulfovibrio desulfuricans 
was shown to be similar to that of Proteus vulgaris with respect 
to various inhibitors, it was of interest to see whether the mecha- 
nism of hydrogen activation in Desulfovibrio desulfuricans was 
the same as that in Proteus vulgaris. To test this, the rate of 
appearance of HD and DD in 100% D.O was studied with the 


88. Miller, N. Tamiya, and D. Rittenberg, unpublished experi- 
ments. 


4A. I. Krasna, unpublished experiments. 
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purified hydrogenase. The initial gas phase was pure H: The 
results of this study are given in Fig. 2. The ratio of appear- 
ance of DD to HD is 1.1. The rate of exchange in Fig. 2 was 
1% excess D per hour and identical results were obtained when 
the rate of exchange was anywhere between 2.25% and 0.065% 
excess D per hour. Thus, the high rate of DD appearance is 
not due to any diffusion limitations. 

It is evident that the hydrogenase of Desulfovibrio desulfuri- 
cans is not identical to that of Proteus vulgaris in its mechanism 
of hydrogen activation. The rate of DD formation with the 
former hydrogenase is considerably faster than with the latter. 
This does not mean, however, that the same basic mechanism, 
a heterolytic split of the hydrogen molecule with the formation 
of an enzyme hydride, is not operative in both organisms. The 
results of Desulfovibrio desulfuricans might be interpreted to 
mean that the enzyme hydride formed exchanges with the hy- 
drogen of the water to a greater extent than the hydrogenase of 
Proteus vulgaris. Clearly, if Desulfovibrio desulfuricans cata- 
lyzed a homolytic split of He, very little HD would have been 
formed, as in the case of platinum catalysis. The differences 
observed here are probably a manifestation of the difference in 
the nature of hydrogenase in different microorganisms. 


SUMMARY 


The hydrogenase of Desulfovibrio desulfuricans has been ex- 
tracted in a soluble form and purified 35-fold. The behavior 
of this enzyme toward various inhibitors has been investigated. 
No dialyzable or dissociable cofactor is involved in the activity 
of the enzyme. The mechanism of hydrogen activation by this 
hydrogenase has also been studied. 
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The light-induced flow of electrons in the chlorophyll-contain- 
ing particles of photosynthetic bacteria can result in a phos- 
phorylation of adenosine diphosphate to form adenosine triphos- 
phate (1-4), a photooxidation of added mammalian cytochrome 
c and oxidation-reduction dyes (5), or a photoreduction of di- 
phosphopyridine nucleotide (6). The photoreduction of diphos- 
phopyridine nucleotide by chromatophores of Rhodospirillum 
rubrum proceeds in the presence of succinate, whereas the photo- 
oxidation of mammalian cytochrome c requires the presence of 
fumarate (5). These data imply a coupled system in which one 
substance is being reduced while the other is being oxidized. 
The present investigation concerns a further direct demonstra- 
tion of the coupled nature of the photooxidation and photoreduc- 
tion reactions catalyzed by chromatophores of R. rubrum. The 
most informative system is one in which the reducing equivalents 
are used to reduce diphosphopyridine nucleotide, while the oxi- 
dizing equivalents are transferred to ascorbic acid with the dye 
2,6-dichlorophenolindophenol as an intermediate electron car- 
rier. The photophosphorylation which occurs simultaneously 
has also been followed to obtain some information concerning 
the connection between these three processes. 


EXPERIMENTAL PROCEDURE 


The methods utilized for growth of bacterial cells and prepara- 
tion of chromatophores have been described previously (6). 
Experiments were performed in Thunberg tubes modified by 
joining another piece of glass tubing to the side arm, resulting 
in two parallel tubes joined through the glass joint. The reac- 
tion mixture was distributed in approximately equal volumes in 
the two tubes, and one was covered with black cloth and alumi- 
num foil while the other was illuminated for 30 minutes at 1200 
foot candles. During illumination, the modified Thunberg tube 
was contained in a water bath at 30°. Anaerobic conditions 
were obtained by means of three evacuations with a vacuum 
pump. The evacuation periods were of 1 minute duration and 
were interspaced with addition of nitrogen gas with shaking. 

After illumination, the contents of both the illuminated and 
nonilluminated tubes were analyzed for phosphate, ascorbate, 
and lactate. For ascorbate determination, 1.0 ml of the reaction 





mixture was removed and titrated with a standard solution of 


|  * This investigation was supported by a research grant (No. 
| E917-C) from the National Institute of Allergy and Infectious 
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DPIP.!' Phosphorus was determined by the method of Fiske 
and SubbaRow (7). Lactate was determined essentially by the 
method described by Barker and Summerson (8). One milliliter 
of the reaction mixture was added to 1.0 ml of 10% trichloro- 
acetic acid and the insoluble protein removed by centrifugation. 
To 0.5 ml of the supernatant were added 0.5 ml of water, 0.05 
ml of 4% CuSO,, and 6 ml of concentrated H.SO,. This solu- 
tion was further treated as described by Barker and Summerson 
(8). 

Experiments with the original cell-free extract prepared by 
sonic oscillation showed activity in both the photooxidation- 
reduction and photophosphorylation reactions. The most no- 
ticeable differences between the cell-free extract and washed 
chromatophores were a higher rate of photophosphorylation with 
the cell-free extract, a less definite requirement for DPN or 
lactic dehydrogenase to support the photooxidation-reduction 
reactions, and a much higher level of lactate in the nonillumi- 
nated control system. For the latter two reasons the experi- 
ments described below were performed with washed chromato- 
phores. Use of cells which were freshly harvested or had been 
stored in the frozen state for a few weeks showed no greater 
difference than usually observed between various batches of 
freshly harvested cells. Inactive chromatophore preparations 
were occasionally obtained, and addition of the supernatant 
fluid or wash solution failed to activate such chromatophores. 
Active chromatophore preparations lost their ability to catalyze 
the photoreactions after standing at 0° for a day. 


RESULTS 


Succinate is intimately linked with the electron transfer reac- 
tions occurring in chromatophores of R. rubrum upon illumina- 
tion, as evidenced by its essential nature in the photoreduction 
of DPN (6), and the reported stimulating effect it has on photo- 
phosphorylation (1, 4). Since from the data given below it is 
apparent that succinate can be replaced by ascorbate and DPIP, 
it appears that other compounds capable of reacting with the 
electron transfer chain leading to the photooxidizing site would 
be capable of supporting DPN photoreduction. It was found 
in the present investigation, however, that the presence of succi- 
nate at a level appropriate for supporting DPN photoreduction 
caused an inhibition of phosphorus uptake. Table I shows such 
data, and further shows that the inhibition by succinate was 


1The abbreviations used are: MB, methylene blue; DPIP, 
2,6-dichlorophenolindophenol; FMN, flavin mononucleotide. 
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TABLE [ 


Phosphorylation with photochemical succinate oxidation and DPN 
reduction by R. rubrum chromatophores 

The phosphorylating control system contained 200 pmoles of 
Tris buffer (pH 7.4), 20 umoles of ADP, 20 umoles of KzHPO,, 20 
umoles of MgCle, and R. rubrum chromatophores as listed. Addi- 
tions to this basic system were (where designated) 30 umoles of 
sodium succinate, 30 umoles of potassium fumarate, 30 umoles of 
sodium pyruvate, 1 wmole of DPNH, 1 umole of DPN, and 0.2 
mg of crystalline lactic dehydrogenase. The final volume was 
6.0 ml, and illumination time was 30 minutes. 











| l 
Experiment |Chlorophyll Conditions ake Dark 
likin 
mg/ml | Aumoles/ml 
1. Anaerobic | 0.048 | Control —3.12 
| Control + succinate —0.34 
2. Anaerobic | 0.036 | Control —1.46 
| Control + succinate, lactic | —1.42 
| | dehydrogenase, DPN, 
| pyruvate 
} 
3. Anaerobic 0.036 | Control —1.60 
| Control + fumarate —1.96 
| Control + succinate, fuma- | —1.73 
rate 
4. Aerobic | 0.030 | Control —0.01 
Control + succinate —1.48 
5. Anaerobic 0.034 | Control —2.50 
Control + DPNH —0.74 














overcome by the addition of either fumarate or a system com- 
posed of lactic dehydrogenase, pyruvate, and DPN. The latter 
system served to transfer electrons from DPNH to pyruvate, 
and like fumarate served as an electron acceptor. Whereas 
succinate was strongly inhibitory, its oxidized counterpart, 
fumarate, stimulated the phosphorylation reaction. Addition 
of DPNH also inhibited the phosphorylation reaction, whereas 
DPN was innocuous. The sensitivity of the photophosphoryla- 
tion process to excessive reducing power has been previously 
reported by Geller (4). In his experiments, succinate at a low 
concentration (1.0 mm) stimulated photophosphorylation 
whereas higher levels served to inhibit the reaction. Likewise, 
completely reduced phenazine methosulfate was an effective in- 
hibitor of the process, whereas partially reduced phenazine 
methosulfate again served to stimulate the reaction. The ex- 
planation of the succinate effect in terms of its reducing power 
is in agreement with the data in Experiment 4, which was per- 
formed under aerobic conditions. In this case, there was essen- 
tially no photophosphorylation and succinate was necessary for 
the process to proceed. The succinate appeared to balance the 
oxidative power furnished by oxygen in the air and allowed the 
process to continue. 

A response similar to that of succinate was obtained with as- 
corbate and DPIP, as shown in Table II. Evidence is accumu- 
lating that this couple reacts with the oxidizing equivalents pro- 
duced in chloroplasts and chromatophores (9-11), with reduced 
DPIP being oxidized directly by the photochemical system and 
rereduced by the excess ascorbate present. This system has the 
advantage that the amount of ascorbic acid oxidized in this 
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manner can be readily determined by titration. As shown in 
Experiment 1, ascorbate had a slight effect on the photophos- 
phorylation reaction, whereas DPIP alone or with ascorbate was 
strongly inhibitory. A further resemblance of the ascorbate- 
DPIP couple to succinate was shown by its stimulating effect 
under aerobic conditions, and the removal of its inhibition under 
anaerobic conditions by the addition of fumarate or the system 
composed of lactic dehydrogenase, DPN, and pyruvate. In 
this experiment the extent of both the photoreduction (meas- 
ured as lactate production) and the photooxidation reaction 
(measured as ascorbate disappearance) was determined. For 
any significant photoreduction or photooxidation to proceed. 
the entire system was required. Removal of essential compo- 
nents for either the photoreduction or photooxidation served to 
stop both reactions. Removal of DPIP from the test system 
served to eliminate both the photooxidation and photoreduction 
reactions, whereas the photophosphorylation reaction proceeded 
at a rate only slightly less than the original. Removal of either 
lactic dehydrogenase or DPN served to disrupt the system re- 
acting with the reducing equivalents and eliminated the photo- 
oxidation-reduction reactions. It also caused a marked decrease 
in the photophosphorylation reaction. This was expected, since 
the ascorbate-DPIP couple was still intact and could impose its 
reducing power upon the chromatophores. In terms of sensi- 
tivity of photophosphorylation to ascorbate and DPIP, R. ru- 
brum chromatophores resemble chromatophores obtained from 
Chromatium, where an appropriate oxidation-reduction balance 


TABLE II 
Photooxidation of ascorbate, photoreduction of DPN, and 
associated phosphorylation 

The reaction system contained 0.2 umole of DPIP and 4.0 umoles 
of ascorbic acid where indicated. The amounts of the other re- 
agents are given in Table I. The complete system contained as- 
corbate, DPIP, lactic dehydrogenase, pyruvate, and DPN, in ad- 
dition to the basic phosphorylation control. 




















Light — Dark 
Chlo- 
Experiment ro- Conditions j ei 
phyll Ascor- | Lac- | P; 
bate | tate | 
ae mg/ml = Apmoles/ml 
1. Anaerobic 0.035] Control |—1.20 
Control + ascorbate 1.15 
| Control + DPIP —0.20 
| Control + ascorbate, \—0.16 
| DPIP 
| Control + DPIP, fuma- |\—0.86 
| | rate | 
| | 
2. Anaerobic (0.036) Complete system —0.57|0.38) —2.06 
Py | 
| 
| | Complete — DPIP 0 0.02/—1.94 
Complete — lactic dehy- |—0.02/0.10)|—0.64 
drogenase | 
| Complete — DPN —0.01/0.02|—0.34 
| | Complete (boiled chro- |—0.01/0.01| 0 
| matophores) 
‘ 
3. Aerobie (0.030) Control | \—0.12 
| | Control + ascorbate, —0.80 
DPIP | 
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of the electron transfer components is required for photophos- 
phorylation to proceed (2). 

The experiments involving the simultaneous photoreduction 
of DPN (expressed as lactate production) and the photooxida- 
tion of ascorbate (with DPIP as intermediate electron carrier) 
demonstrated the completely coupled nature of these two photo- 
reactions. In such a system the reducing and oxidizing equiva- 
lents were insulated from each other by the immediate oxidation 
of formed DPNH with the dehydrogenase system present, and 
immediate reduction of photooxidized DPIP by the ascorbate. 
This allowed experimental description of the photooxidizing and 
the photoreducing systems which have been postulated from 
physiological experiments with whole cells of photosynthetic 
bacteria, and by analogy with the photosynthetic process in 
plants (12, 13). The expected stoichiometry for the photooxi- 
dation-reduction reactions was not obtained. As shown in this 
table and subsequent experiments described below, there was 
consistently less lactate produced than ascorbate removed. The 
reason for this is not immediately apparent, but may be due to 
the fact that lactate is not inert in the presence of illuminated 
chromatophores (4) and may itself be in part removed by the 
illuminated chromatophores. The amount of ascorbate photo- 
oxidized in the experiment with lactic dehydrogenase removed 
was lower than expected, since the conditions were still appro- 
priate for DPN photoreduction. This may have been due to 
reoxidation of DPNH by the dehydroascorbic acid present in 
the system. 

Fumarate was substituted for the DPN system to produce 
another photooxidation-reduction pair in which ascorbate was 
oxidized and fumarate reduced. Table III shows again the 
inhibition caused by DPIP and ascorbate on the basic photo- 
phosphorylation system, and the removal of this inhibition by 
fumarate. Again, a photooxidation of ascorbate required that 
both the photoreducing and photooxidizing systems be accom- 
modated. The change in fumarate concentration was not de- 
termined, but from the other considerations it appears logical 
that its function in this case was to react with the photoreducing 
equivalents and be reduced to succinate. Magnesium ion 
greatly stimulated the photophosphorylation reaction, yet its 
presence was slightly inhibitory to the photooxidation of as- 
corbate. 

Methylene blue and DPIP are potent inhibitors of DPN 
photoreduction in the presence of succinate (6). Table IV 
shows that MB was also a strong inhibitor for photophosphory!- 
ation, and it was shown above (Table II) that DPIP was a good 
inhibitor of the reaction. This agrees with the data of Geller 
(4), who investigated the effect of a number of dyes on the reac- 
tion. It is interesting, however, that in the present case, the 
inhibition of both MB and DPIP was overcome by addition of 
fumarate to the system. As expected, the presence of MB did 
not extensively inhibit the photooxidation of ascorbate in the 
presence of DPIP and fumarate, and in that situation also al- 
lowed photophosphorylation to proceed almost unimpaired. 
However, MB was more inhibitory when the lactic dehydrogen- 
ase, DPN, and pyruvate system was substituted for fumarate. 
The mechanism of inhibition of photophosphorylation by MB 
is suggested by Experiment 1, where the inhibition was reversed 
by fumarate. This implies that MB inhibited by upsetting 
the oxidation-reduction balance of the electron transport com- 
ponents involved in photophosphorylation, and restoration of a 
favorable oxidation-reduction level with fumarate allowed the 
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TaBLeE III 


Photooxidation of ascorbate, photoreduction of fumarate, and 
associated phosphorylation 
The amounts of the compounds added to the basic phosphoryla- 
tion control system are given in Table I. The complete system 


contained ascorbate, DPIP, and fumarate, in addition to the phos- 
phorylation control. 

















| Light — Dark 
| Chlo- 
Experiment | ro- Conditions 
phyll Ascor- P; 
bate . 
| 
lg /ml Aumoles/ml 
1. Anaerobic (0.033) Control 0 |—1.96 


Control + DPIP, ascorbate |—0.01/—0.16 
Control + ascorbate, fuma- |—0.01|/—1.80 





rate 
Control + ascorbate, DPIP, |—0.46|—2.16 
fumarate 
2. Anaerobic (0.033) Complete system —0.44/—2.21 
Complete — Mgt+ —0.49|—0.84 





Complete (boiled chromato- |—0.01|—0.01 
phores) 











TABLE IV 


Photooxidation of reduced methylene blue, photoreduction of DPN, 
and associated phosphorylation 


For Experiments 1 to 3, 0.2 umole of methylene blue was added. 
For Experiment 4, 2.0 umoles of methylene blue were added and 
were reduced before the illumination period by means of 30 umoles 
of succinate. The excess succinate was present during the illumi- 
nation period. For other conditions see Table I. All experi- 
ments were carried out under anaerobic conditions. The oxida- 


tion of methylene blue was determined from optical density 
change at 660 mu. 














| Light — Dark 
——, 2 Conditions Le PO ED 
| § B2| bate | tate) Pi 
5 =* 
\mee/ ml Apumoles/ml 
1 10.036 Control —2.32 
| Control + MB —0.02 
| Control + MB, fumarate —2.08 
| 
2 |0.039} Control + ascorbate, DPIP, —0.46 —2.22 
| fumarate 
Control + MB, ascorbate, —0.37 —2.08 
| DPIP, fumarate 
3 (0.028) Control + ascorbate, DPIP, —0.26/0.23|—1.38 
lactic dehydrogenase, py- 
| ruvate, DPN 
Control + MB, ascorbate, —0.09'0.09|—0.20 
DPIP, lactic dehydrogen- 
ase, pyruvate, DPN 
4 |0.039| Control + reduced MB, |0.04 0.18)—1.92 
DPN, pyruvate, lactic de- 
hydrogenase 
Control + reduced MB, DPN, |0 0.01/—0.06 
pyruvate 
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TABLE V 
Effect of various compounds upon photooxidation of ascorbate, 
photoreduction of DPN, and associated phosphorylation 
The complete system contained the basic phosphorylating sys- 
tem with 0.030 mg of chlorophyll per ml plus ascorbate, DPIP, 


lactic dehydrogenase, pyruvate, and DPN as described in Ta- 
ble I. 

















ge Light — Dark 
ja en “adsed Ascor- | Lac- P; 
te | tate i 
Ayumoles/ml 
1 | None —0.35|0.29|—1.00 
KCN 20 —0.26/0.60/—0.72 
Phenazine methosulfate 0.5 |—0.08/0.15)—1.12 
2 | None —0.48/0.45|—1.82 
Flavin mononucleotide 1.0 |—0.46/0.46|—1.34 
3-(3,4-Dichloropheny])-1, 1-di- 0.1 |—0.48/0.44)—1.54 
methylurea 
Menadione 0.1 |—0.45/0.51)/—1.51 
2-Heptyl-4-hydroxy-quinoline- 0.01 —0.08 
N-oxide 














TaBLe VI 


Independence of photochemical oxidation-reduction and 
phosphorylation reactions 

The composition of the phosphorylation control and the quan- 
tities of reagents added are given in Table I. The chlorophyll 
concentration was 0.045 mg per ml. The complete system for Ex- 
periment 1 contained ascorbate, DPIP, DPN, lactic dehydro- 
genase, and pyruvate, and that for Experiment 2 contained as- 
corbate, DPIP, and fumarate, in addition to the phosphorylation 
control. 

















Light — Dark 
— Conditions : 
Ascorbate = Pi 
Aumoles/ml 
1 Control 0 0 —2.24 
Complete system —0.56 | 0.37 | —2.08 
Complete — ADP and P; —0.55 | 0.42 | —0.02 
2 | Control —0.01 —1.96 
Complete system —0.47 —2.16 
Complete — ADP and P; —0.46 —0.01 

















reaction to proceed. The data of Experiment 4 show that the 
photooxidation of leuko-MB itself could be coupled with the 
photoreduction of DPN. In this case a normal photophos- 
phorylation was observed. For this experiment the MB was 
reduced by excess succinate, thus during illumination any leuko- 
MB photooxidized could be reduced again by the succinate. 
This accounts for the greater amount of lactate formed than MB 
oxidized. Removal of the lactic dehydrogenase eliminated the 
photooxidation-reduction reactions and also the photophos- 
phorylation. The latter was expected, since it left a high con- 
centration of reduced MB in the system with no compensating 
oxidizing system. 

Table V shows the response of the photooxidation-reduction 
and photophosphorylation reactions to various inhibitors and 
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compounds known to influence photosynthetic reactions. Cya- 
nide inhibited the photophosphorylation reaction and the photo- 
oxidation, while stimulating the photoreduction of DPN. This 
stimulation of the photoreduction reaction changed the stoichi- 
ometry of the reaction so that more lactate was formed than 
ascorbate consumed. The increased lactate production corre- 
sponds to the stimulating effect of cyanide upon DPN photo- 
reduction (6). 

Phenazine methosulfate is a potent activator for photophos- 
phorylation in both chloroplast and bacterial chromatophore 
systems (2, 4, 14, 15), and is supposed to be effective by virtue 
of its ability to act as a shunt in the electron transport system 
associated with the photophosphorylation process, thereby al- 
lowing the cyclic process to proceed faster. The data shown in 
Experiment 1 are in accord with this concept, since the com- 
pound was shown to slightly stimulate the photophosphorylation 
process and rather strongly inhibit the photooxidation-reduction 
reactions. Both these effects would be expected if it were acting 
as a shunt as previously proposed. 

Menadione and FMN stimulate photophosphorylation by 
chloroplasts (14-16). In the experiments of Geller (4), FMN 
and menadione added singly did not stimulate photophosphoryl- 
ation by R. rubrum chromatophores, whereas menadione and 
ascorbate together did markedly increase the rate of the reac- 
tion. In the present investigation, both FMN and menadione 
served to decrease slightly the phosphorylation rate, but had 
little effect upon the photooxidation-reduction reactions. The 
respiratory inhibitor 2-heptyl-4-hydroxyquinoline-N-oxide has 
been reported to be a potent inhibitor of photophosphorylation 
by R. rubrum chromatophores (17), and the present experiments 
are in agreement with this. Since this compound inhibits elec- 
tron transport between cytochrome b and cytochrome c in mito- 
chondria, a similar mode of action in the chromatophore of R. 
rubrum would implicate cytochrome 6 and cz in the photophos- 
phorylation process. However, more definitive information 
about the site of action in the chromatophore would be required 
before this conclusion would be valid. 

The herbicide 3-(3,4-dichlorophenyl)-1,1-dimethyl urea, 
known as DCMU, is a potent inhibitor of the Hill reaction in 
chloroplasts (18), and it is generally believed that the herbicide 
acts by inhibiting the enzyme system involved in oxygen evolu- 
tion. Since one major difference between the photosynthetic 
process in plants and bacteria is the lack of oxygen evolution 
with bacteria, one would expect this compound to be harmless 
in the bacterial system. The experimental data show this to be 
the case, and further support the notion that DCMU does in- 
hibit the oxygen-evolving system of chloroplasts. In a separate 
series of unpublished experiments with spinach chloroplasts, the 
inhibitory effect of DCMU on TPN photoreduction was over- 
come by the addition of ascorbate and DPIP. In this case the 
chloroplasts were deprived of their ability to evolve oxygen, 
and with ascorbate and DPIP performed the coupled photo- 
oxidation-reduction reactions associated with the bacterial sys- 
tem. 

The effect of the photophosphorylation process upon the 
photooxidation-reduction reactions was tested by allowing the 
latter to proceed in the absence of ADP and P;. In this situa- 
tion there was no phosphorus taken up, yet the photooxidation- 
reduction reactions with two different systems were not signifi- 
cantly affected, as shown in Table VI. Furthermore, when the 
photooxidation-reduction reactions resulting from the presence 
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of ascorbate-DPIP and the DPN system were functioning in 
the presence of ADP and Pi, there was less phosphate taken up 
than in a control with only ADP and P;. The results given in 
this table are representative of a number of experiments. By 
comparison with a control system containing only ADP and P,, 
the presence of fumarate and the DPIP-ascorbate couple caused 
an increase in the uptake of phosphorus. The significance of 
this phenomenon will be discussed below. It is apparent from 
the table, however, that there was a high degree of independence 
between the phosphorylation reactions and the photooxidation- 
reduction reactions. Formation of ATP was not a condition 
for the photooxidation-reduction reactions to proceed, and like- 
wise the use of the photooxidizing and photoreducing equivalents 
in the terminal systems to effect a net reduction and oxidation 
did not have a great effect upon the phosphorylation system. 


DISCUSSION 


The evidence presented in this paper shows that R. rubrum 
chromatophores are capable of performing simultaneous photo- 
oxidations and photoreductions which are linked in an obligatory 
fashion. Removal of one component in the photooxidation 
system (DPIP in the couple consisting of DPIP and ascorbate) 
served to prevent both the photooxidation and the photoreduc- 
tion reactions. Likewise, removal of one component of the 
photoreducing system (DPN in the system DPN, lactic dehy- 
drogenase, and pyruvate) prevented reaction in both systems. 
These data are best explained as previously suggested (6) in 
terms of the production in the chromatophore of a reducing and 
an oxidizing site by virtue of electron migration in the chloro- 
phyll complex after absorption of light. 

With the conditions used for the present investigation, the 
photophosphorylation process in R. rubrum chromatophores was 
very sensitive to the presence of reducing agents such as DPNH 
and succinate, whereas the oxidized forms of these compounds 
(DPN and fumarate) did not inhibit the reaction. These data 
strongly suggest that DPNH and succinate were inhibitory by 
virtue of their ability to impose their reducing power upon the 
electron transport chain involved in the photophosphorylation 
process. It has been shown that R. rubrum chromatophores 
contain succinic dehydrogenase (19). The anaerobic conditions 
employed in the experiments would tend to be reducing, due to 
residual substrate molecules not removed in preparing the chro- 
matophores, and addition of further reducing agents such as 
DPNH or succinate capable of reacting with the electron trans- 
fer system would result in overreduction. Under such a condi- 
tion the oxidation-reduction level of the electron transport com- 
ponents could be adjusted only by further addition of some 
oxidizing agent or oxidizing system, since cyclic electron trans- 
port would not change the net oxidation-reduction level of the 
electron transport components. 

The stimulating effect of low concentrations of reducing 
agents such as succinate, lactate, or DPNH (1, 2, 4, 20) pre- 
viously reported may well be due to the lack of completely ana- 
erobic conditions in these investigations. The fact that the 
photophosphorylation process is inhibited by aerobic conditions 
indicates that overoxidation of the electron transport compo- 
nents of the photophosphorylation system would be equivalent 
to overreduction, and both of the extremes would result in less 
electron transport by way of the closed system. If there were 
residual oxygen remaining in an experiment of this type, the 
addition of small quantities of reducing agent could well serve 
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to achieve the oxidation-reduction balance necessary for the 
maximal transfer of electrons through the system. 

The two potent inhibitors of photophosphorylation, DPIP 
and MB, may be active inhibitors because they help impose 
overly reducing conditions on the cyclic electron transport sys- 
tem responsible for photophosphorylation. Both these com- 
pounds have been shown in our laboratory and in the experi- 
ments of Geller (4) to be readily reduced in the dark by succinate 
and other substrate molecules which are oxidized via DPN. 
Both dyes are also intimately linked with the photooxidation 
system in chromatophores as previously shown (5), and thus are 
well suited for facilitating the overreduction of the electron 
transport agents. This is further substantiated by the fact 
that the inhibition caused by these compounds is overcome by 
fumarate or through the use of trapping systems which can re- 
act with both the photoreducing and photooxidizing sites, which 
also would poise the electron transport agents of the photo- 
phosphorylation system at a more appropriate oxidation-reduc- 
tion level for cyclic electron transport flow. 

One salient fact emerging from this investigation is the high 
degree of independence shown by the photophosphorylation 
process and the terminal photooxidation-reduction reactions. 
This is in contrast to the chloroplast system, in which photo- 
reduction of either TPN or ferricyanide is accompanied by 
demonstrable phosphorylation and the presence of ADP and P; 
stimulates photoreduction reactions (14, 15). As shown in 
Table VI, the amount of ascorbate photooxidized was sufficient 
to allow detection of any phosphorylation associated exclusively 
with the terminal photooxidation-reduction reactions. When 
DPN and the lactic dehydrogenase system were used to trap 
the photoreducing equivalents, there was slightly less phosphate 
taken up than there was in the control with only ADP and Pi. 
This has been consistently observed, and, if it is representative 
of the situation in the intact cell, would indicate that no phos- 
phorylation was associated with DPN photoreduction by the 
chromatophore. This type of experiment is not conclusive, 
however, since there could be a phosphorylation associated with 
DPN photoreduction which was compensated for by a corre- 
sponding loss of cyclic photophosphorylation. In the case of 
chloroplasts, where the cyclic photophosphorylation is negligible 
in the absence of cofactors, it is possible to show photophos- 
phorylation associated with photoreduction reactions, but the 
photophosphorylation observed with chromatophores with only 
ADP and P; added makes it difficult to assign phosphorylation 
to particular reactions. The data in Table VI do show, how- 


ever, that when fumarate replaced the DPN system in the 


coupled photooxidation-reduction reactions, an increase in phos- 
phate uptake was noted. Again, this has been consistently 
observed, and is best explained in terms of a phosphorylation 
reaction related to the transfer of electrons from the photore- 
ducing site to fumarate. More definitive information on this 
matter can be obtained when conditions are found which inhibit 
or remove the cyclic photophosphorylation (with only ADP 
and P;), yet allow the photooxidation-reduction reactions to 
proceed. 

The fact that good photophosphorylation was observed with 
washed chromatophores under anaerobic conditions with only 
ADP and P; added shows that a cyclic photophosphorylation 
system was operative. In this regard the chromatophores differ 
from chloroplasts, which require some added cofactor such as 
phenazine methosulfate before photophosphorylation proceeds. 
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This characteristic of cyclic photophosphorylation in chromato- 
phores of R. rubrum, coupled with the general inability of the 
photooxidation-reduction reactions to have any major effect 
upon the photophosphorylation reaction, suggests that the 
chromatophore acts primarily as a site for the process of cyclic 
photophosphorylation. Such a conclusion has been reached 
by Stanier et al. (20) from experiments on photometabolism of 
organic substrate molecules by R. rubrum, and by Arnon (21) 
from experiments with Chromatium. The photooxidation-reduc- 
tion reactions shown in this investigation demonstrate that the 
chromatophore can perform terminal oxidation-reduction reac- 
tions under the influence of light, but, as suggested by Stanier 
et al. (20), these reactions may be needed only when the organic 
substrate molecules in the growth medium are not capable of 
transferring electrons to the pyridine nucleotides. 

R. rubrum cells have the capability of growing photosyntheti- 
cally in the light or by means of aerobic respiration in the dark. 
The question arises, therefore, if one electron transport chain is 
used for both the oxidation-reduction reactions leading to photo- 
phosphorylation and the oxidation-reduction reactions leading 
to oxidative phosphorylation. Smith and Baltscheffsky (22) 
have suggested separate electron transport systems for each 
function on the gounds that (a) the respiration of succinate and 
photophosphorylation are not influenced similarly by the addi- 
tion of substrates or inhibitors; (6) extracts of R. rubrum which 
will not perform oxidative phosphorylation can perform photo- 
phosphorylation; (c) difference spectra of illuminated cells minus 
dark cells reflect an oxidation of only cytochrome cz, whereas 
difference spectra of anaerobic cells minus aerobic cells in the 
dark show a typical respiratory chain of cytochromes, and (d) 
the rate of aerobic succinate oxidation was considerably greater 
than the rate of oxidation of cytochrome cz, which is involved 
in the photochemical reactions (23). Although these reasons 
are impelling, they are not conclusive proof for two entirely 
separate electron transport pathways. Concerning the first item, 
one would not expect photophosphorylation and respiration of 
succinate to be similarly influenced by all inhibitors and sub- 
strates unless succinate respiration involved the entire electron 
transport chain involved in photophosphorylation. Since this 
is not the case (the photochemical system can reduce DPN 
which is at a much lower potential), the differential effect of 
the inhibitors and substrates may be due to their action on a 
portion of the chain not utilized by succinate. The second item 
concerning the lack of oxidative phosphorylation by extracts 
capable of performing photophosphorylation may indicate that 
one phosphorylation step is situated on the chain before the 
point of entry of endogenous substrates, viz. before DPN. The 
third item listed above, concerning oxidation of only cytochrome 
¢2 upon illumination, may only reflect the close proximity of this 
cytochrome to the photooxidizing site. In the dark the cyto- 
chromes are mostly reduced, and the oxidizing power supplied 
by the light may be made available first to the cytochrome cz. 
The fourth item above concerning the faster rate of oxidation 
of succinate than cytochrome cz may be due to some alteration 
of the cytochrome during its isolation procedure. However, 
the inability of R. rubrum chromatophores to perform an aerobic 
oxidation of cytochrome c, and its definite involvement in the 
photochemical process strongly suggest two separate electron 
transport systems. The information from the present investi- 
gation concerning the inhibition of photophosphorylation caused 
by DPNH and succinate, the reversal of this inhibition by 
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fumarate or a DPN system and the reversal of oxygen inhibi- 
tion by succinate indicates a close relationship between the 
respiratory activities of the chromatophore and the photophos- 
phorylation system. Since this fine interplay between the 
photochemical and respiratory activities suggests a common 
electron transport pathway at the pyridine nucleotide and 
succinate level, and since cytochrome cz appears to function 
primarily if not exclusively in the photochemical system, an 
alternative explanation would be that the respiratory and photo- 
chemical activities share the same electron transport chain for 
transporting electrons to cytochrome c: A bifurcation at this 
point would allow cytochrome cz to complete the cycle to the 
photooxidizing site, while some oxidase system would complete 
the chain to molecular oxygen. 


SUMMARY 


1. The extent and coupled nature of three photochemical 
reactions catalyzed by chromatophores of Rhodospirillum rubrum 
under anaerobic conditions have been followed. These include 
(a) the photoreduction of diphosphopyridine nucleotide or fuma- 
rate; (b) photooxidation of ascorbate, succinate, or reduced 
methylene blue; and (c) the photophosphorylation process. The 
photoreduction of diphosphopyridine nucleotide was coupled to 
pyruvate reduction via lactic dehydrogenase, and the photooxi- 
dation of ascorbate required the presence of 2 ,6-dichlorophenol- 
indophenol as an intermediate electron carrier. 

2. The photooxidation-reduction reactions were shown to be 
mutually dependent, since removal of a component of the photo- 
oxidation system served to stop both photooxidation-reduction 
reactions. Similar results were obtained by removal of a com- 
ponent of the photoreduction system. 

3. The photophosphorylation process was strongly inhibited 
under anaerobic conditions by the addition of reduced diphos- 
phopyridine nucleotide, succinate, or the 2,6-dichlorophenolin- 
dophenol-ascorbate couple, but was not inhibited by fumarate 
or diphosphopyridine nucleotide. The inhibition by succinate 
was overcome by addition of fumarate. Only slight photophos- 
phorylation was observed under aerobic conditions and in this 
case the addition of succinate or the 2,6-dichlorophenolindo- 
phenol-ascorbic couple stimulated the reaction. The inhibitions 
caused by reducing agents under anaerobic conditions are in- 
terpreted in terms of overreduction of the cyclic electron trans- 
port system responsible for photophosphorylation. Such a con- 
dition would be overcome by addition of fumarate. Under 
aerobic conditions an overoxidation would result, which could 
be counteracted by addition of reducing agents such as succinate. 

4. The dyes methylene blue and 2 ,6-dichlorophenolindophenol 
strongly inhibited photophosphorylation, as did 2-heptyl-4-hy- 
droxyquinoline-N-oxide. The inhibition caused by the dyes 
was overcome by addition of fumarate. Flavin mononucleo- 
tide, menadione, and 3-(3,4-dichlorophenyl)-1, 1-dimethylurea 
had little effect on either photophosphorylation or photooxida- 
tion-reduction reactions. Phenazine methosulfate stimulated 
the photophosphorylation reaction slightly while inhibiting the 
photooxidation-reduction reactions. 

5. The photooxidation-reduction reactions and the reactions 
responsible for photophosphorylation were independent of each 
other to the extent that functioning photophosphorylation had 
no profound effect upon the photooxidation-reduction reactions 
and vice versa. This high degree of independence between the 
two processes and the fact that photophosphorylation proceeded 
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10. 


in the chromatophore in the presence of only adenosine 5’ di- 
phosphate and inorganic orthophosphate is consistent with the 
view that the cyclic photophosphorylation process is the major 
manifestation of photosynthesis in bacteria. 
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Isolated chloroplasts supplemented with the enzyme photo- 
synthetic pyridine nucleotide reductase have the capability of 
photoreducing pyridine nucleotides, with triphosphopyridine 
nucleotide being reduced preferentially by the purified enzyme 
(1-3). Vernon and Hobbs (4) reported on the ability of chloro- 
plasts to photoreduce indigo carmine and FMN in the presence 
of ascorbate and 2,6-dichlorophenolindophenol. Further in- 
vestigation of these photoreductions has shown that freshly pre- 
pared chloroplasts are capable of photoreducing not only the 
pyridine nucleotides, but also indigo carmine, flavin mononucleo- 
tide and vitamin K; under anaerobic conditions without added 
ascorbate and DPI.! On standing, or on addition of 3-(3,4-di- 
chloropheny])-1 , 1-dimethylurea, NH.OH, or ammonium ion, the 
ability to photoreduce directly these compounds is lost, and addi- 
tion of ascorbate and DPI restores this activity. It seems, 
therefore, that with aged chloroplasts the ascorbate-DPI couple 
substitutes for the oxygen-evolving system by accomodating the 
oxidizing equivalents produced in the primary photochemical 
act. 


EXPERIMENTAL PROCEDURE 


Chloroplasts were prepared from either spinach or Phytolacca 
americana. Ten grams of leaves, with midribs removed, were 
washed thoroughly with distilled water and homogenized in a 
Waring Blendor at top speed for 2 minutes in 60 ml of ice-cold 
0.07 m Tris buffer pH 7.3 which was also 0.01 m in KC] and 0.4 
Min sucrose. The temperature during blending was not allowed 
to rise above 3°. The resulting homogenate was filtered through 
4 layers of cheese cloth, centrifuged for 5 minutes at 400 x g 
at 0°, and the resulting supernatant fluid recentrifuged at 
18,000 x g for 10 minutes. The sedimented material was sus- 
pended in 30 ml of the buffer solution and centrifuged at 18,000 x 
g to wash the chloroplast particles. The final sedimented ma- 
terial was dispersed with a glass homogenizer in 10 ml of the 
buffer solution and either used directly, stored at 0°, or frozen 
and stored at —30°. 

Experiments were performed in a Thunberg tube joined to two 
rectangular absorption cells as previously described (5). II- 


* This investigation was supported by a research grant (NSF- 
G6444) from the National Science Foundation. The authors are 
also grateful to the Charles F. Kettering Foundation for a fellow- 
ship awarded to one of us (W.S.Z.). 

1The abbreviations used are: \DPI, 2,6-dichlorophenolindo- 
phenol; DCM, 3-(3,4-dichloropheny]l)-1,1-dimethylurea; FMN, 
flavin mononucleotide. 


lumination was accomplished with a 150-watt reflector spot 
tungsten lamp, giving an intensity of 1200 foot candles in the 
reaction mixture. Illumination occurred for 20 minutes at 30°, 
with anaerobicity being obtained by three evacuations with a 
vacuum pump as described previously (5). The reaction mix- 
ture was divided into the two arms of the adapted Thunberg 
tube, with the contents of one arm serving as the nonilluminated 
control. After the exposure, the optical density differences 
between the illuminated and nonilluminated systems at ap- 
propriate wave lengths were determined with a Beckman DU 
spectrophotometer. 

TPN, DPN, FMN, and phenazine methosulfate were obtained 
from the Sigma Chemical Company, St. Louis. Ascorbic acid 
was purchased from Nutritional Biochemicals Corporation, 
Cleveland. DPI was obtained from Eastman Organic Chemica] 
Company, Rochester, New York, and indigo carmine from 
National Aniline Division, Allied Chemical and Dye Company, 
New York. 

The photosynthetic pyridine nucleotide reductase used in these 
experiments was prepared from spinach leaves according to the 
directions of San Pietro and Lang (1). The preparations used 
in these experiments correspond to their “extract of acetone 
precipitate,” and as such were not extensively purified. Con- 
sequently, the enzyme preparation catalyzed the photoreduction 
of both TPN and DPN, indicating the presence of a pyridine 
nucleotide transhydrogenase in the preparation (3). 

The chlorophyll concentrations of the chloroplast preparations 
were determined by extracting the chloroplasts with sufficient 
acetone to make an 80% acetone solution of chlorophyll. The 
optical densities at 665 and 649 my were determined and the 
chlorophyll concentrations calculated from the equation 


chlorophyll (mg per liter) = 6.45 (optical density at 
665 mu) + 17.72 (optical density at 649 my). 
This equation has been derived from determined specific absorp- 


tion coefficients for chlorophyll a and chlorophyll 6 in this lab- 
oratory. 


RESULTS 


No difficulty was encountered in obtaining chloroplasts from 
both spinach and Phytolacca americana which were capable of 
photoreducing TPN, DPN, indigo carmine, FMN or vitamin Ks; 
if sufficient care was taken to insure anaerobic conditions during 
the exposure to light. In general it appeared that the spinach 
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chloroplasts lost this ability more rapidly than those from 
Phytolacca americana, and thus the spinach chloroplasts were 
better suited for these experiments. The results reported below 
were not unique for spinach chloroplasts, however. 

The previous experiments of Vernon and Hobbs (4) showed 
that spinach chloroplasts could photoreduce either indigo car- 
mine or FMN in the presence of DPI and ascorbate, but no 
photoreduction occurred in the absence of DPI and ascorbate. 
From the information now available, it seems that either the 
chloroplasts used in those experiments had lost their ability to 
perform a regular Hill reaction (viz. lost their ability to evolve 
oxygen) or the lack of completely anaerobic conditions prevented 
photoreduction reactions in the absence of DPI and ascorbate. 
In the present experiments, with the use of fresh chloroplasts, a 
photoreduction of TPN, DPN, indigo carmine, FMN and vita- 
min K; has been accomplished under strictly anaerobic conditions 
with no other additions to the system. On aging this ability 
declined quite rapidly, but addition of ascorbate and DPI re- 
stored the photoreductive ability in all cases. 

Table I presents some representative data on TPN photo- 
reduction with no additions to the basic system. On aging, this 
native activity diminished and a requirement for ascorbate and 
DPI emerged. The final ascorbate concentration in the il- 
luminated and nonilluminated systems was determined by titra- 
tion with a standard solution of DPI, showing that the rate of 
ascorbate photo-oxidation increased with time. These data 
indicate that the loss of native ability to photoreduce TPN was 
due to inactivation of the oxygen-evolving system, since (1) with 
aged chloroplasts the TPN photoreduction was restored with 
ascorbate and DPI, showing the photoreducing system was still 
functional, and (2) on aging there was a coupled photo-oxidation 
of ascorbate. The explanation of the DPI and ascorbate effect 
in terms of interaction with the photochemical oxidizing system 
is consistent with data obtained from other investigations (6-9), 
and the ratio of ascorbate oxidized to TPN reduced reflects the 
shift in the photochemical oxidizing system from the enzymatic 
oxidation of water (oxygen evolution) to the less specific oxida- 
tion of ascorbate mediated by DPI. The ratio of ascorbate 
oxidized to TPN reduced reached 1 after storage of the chloro- 
plasts for 45 hours. The ratio increased to 1.7 for 288 hours 
storage, but the low rate for TPN photoreduction after 288 hours 
did not allow much significance to be attached to this ratio. The 
inhibition observed when DPI and ascorbate were added to fresh 
chloroplasts had been noted numerous times, and was probably 
due to the presence of the enzyme which uses TPNH to reduce 
monodehydroascorbic acid. This enzyme has been described by 
Marre et al. (9), who demonstrated that an anaerobic photo- 
oxidation of ascorbic acid by chloroplasts could be observed only 
when this particular enzyme was inactivated, since its presence 
allowed cyclization of electrons between the photoreducing and 
photo-oxidizing sites. The results given in Table I for TPN 
represent in a qualitative fashion the response of chloroplasts in 
the photoreduction of DPN, indigo carmine, FMN, and vitamin 
K;. For all these compounds good photoreduction was observed 
with fresh chloroplasts, whereas aged chloroplasts required the 
addition of DPI and ascorbate for the photoreduction to proceed. 
This similarity with a number of compounds further shows that 
the aging process altered the photo-oxidizing system and not the 

photoreducing system of the chloroplasts. 
The requirement for the DPlI-ascorbate couple for photo- 
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Emergence of requirement for ascorbate-DPI couple to support 
anaerobic TPN photoreduction by spinach chloroplasts 

The experimental procedure is given in the section on methods. 
The reaction mixture contained 500 wmoles of Tris buffer pH 7.0, 
1.5 zmoles of TPN, 1.0 ml of a photosynthetic pyridine nucleotide 
reductase preparation containing 5.2 mg of protein, and spinach 
chloroplasts equal to 0.10 mg of chlorophyll in a final volume of 
6.0 ml. Where indicated, 0.2 umole of DPI and 4.0 umoles of 
ascorbate were also added. The reactions were run for 20 minutes 


























at 30°. The activity of the chloroplasts was determined after 
storage of the chloroplasts at 0° for the indicated times. 
With ascorbate and DPI 
Time a r — , 
preparation photoreduction TPN Ascorbate oo 
ae Lona = TPN” 
hours pmoles/ml pumoles/ml pumoles/ml. 
1.5 0.19 0.15 0.05 0.33 
21.0 0.12 0.14 0.08 0.57 
45.0 0.02 0.15 0.15 1.0 
288 .0 0 0.03 0.05 sf 
288, boiled 0 0 0 
chloroplasts 
TABLE II 


Requirement for ascorbate-DPI couple and effect of sulfhydryl 
compounds upon three photoreduction reactions catalyzed by 
aged spinach chloroplasts under anaerobic conditions 

The complete system contained chloroplasts, Tris buffer pH 
7.0, photosynthetic pyridine nucleotide reductase, ascorbate and 
DPI in the amounts given in Table I. Where designated there 
were 1.5 umoles of TPN, 2.0 umoles of DPN, 0.48 umole of indigo 
carmine, 2.0 pmoles of cysteine, and 2.0 wmoles of glutathione also 
present. The final volume was 6.0 ml and the experiments were 
for 20 minutes at 30°. Experiments la and 1b were performed 
with the same chloroplast preparation. The reductase was not 
added to the system for indigo carmine photoreduction. 











Extent of photoreduction 
Experiment Conditions 
TPN | DPN | Indigo 
umoles/ |pmoles/ \ymoles/ 
ml ml ml 
la. Fresh chloro- | Complete system 0.136) 0.106) 0.025 
plasts, 0.10 mg | Minus ascorbate, 0.191) 0.132) 0.055 
chlorophyll in 6.0 DPI 
ml 
‘1b. Aged chloro- | Complete system 0.148) 0.101) 0.066 
plasts, 0.10 mg | Minus DPI 0.047) 0.035) 0.006 
chlorophyll in 6.0 | Minus ascorbate 0 0 0.021 
ml Minus ascorbate, 0.020; 0.024) 0.013 
DPI 
2. Aged chloroplasts | Complete system 0.164) 0.073) 0.068 
0.095 mg chloro- | Minus ascorbate, 0.070} 0.047) 0.022 
phyll in 6.0 ml DPI 
Plus cysteine 0.230) 0.113) 0.066 
Minus ascorbate, 0.092) 0.078) 0.098 
DPI, plus cysteine 
Plus glutathione 0.160) 0.069) 0.099 
Minus ascorbate, 0.056) 0.037) 0.011 
DPI, plus gluta- 
thione 
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reduction of TPN, DPN, and indigo carmine by aged chloroplasts 
is shown.in Table II. With fresh chloroplasts, the presence of 
ascorbate and DPI was inhibitory in all cases, whereas with aged 
chloroplasts the presence of the couple was required for extensive 
_ photoreduction. The presence of cysteine further stimulated 
the photoreduction of both TPN and DPN, whereas glutathione 
was without effect. For DPN photoreduction, cysteine was as 
effective as ascorbate and DPI, but such was not the case for 
TPN photoreduction. For indigo carmine photoreduction 
cysteine alone was better than cysteine plus ascorbate and DPI. 
Since glutathione and cysteine did not behave similarly, it seemed 
that the cysteine effects were not due to a stabilizing effect, but 
more probably were due to cysteine transferring electrons to the 
photo-oxidizing site. Ascorbate alone gave a marginal stimula- 
tion of DPN and TPN photoreduction, although DPI alone 
caused an inhibition of all three reactions. The slight activity 
of ascorbate is consistent with published data on ascorbate photo- 
oxidation by chloroplasts (7, 9, 10). DPI stimulated further by 
virtue of its acting as intermediate electron carrier between 
ascorbate and the photo-oxidizing site, thus allowing more ex- 
tensive photo-oxidation of ascorbate. 

The herbicide DCM is a potent inhibitor of the Hill reaction, 
and its effect has been ascribed to an inhibition of the oxygen- 
evolving system (11). Since the Hill reaction involves the 
coupled photo-oxidation of water to produce oxygen and a photo- 
reduction of some added electron acceptor, both systems must 
be operative to observe either one experimentally. This drug, 
therefore, is a means of testing the hypothesis that the ascorbate- 
DPI couple is capable of substituting for the enzymatic system 
responsible for oxygen evolution in the experiments described 
above. As shown in Table IIIT, DCM was a potent inhibitor for 
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the photoreduction of TPN, DPN, indigo carmine, FMN, and 
vitamin K; with fresh chloroplasts. Furthermore, the inhibition 
caused by DCM was overcome by addition of ascorbate and 
DPI. The experiments with FMN were carried out with red 
light to negate any photochemical effect due to FMN itself. 
Similar responses were obtained for all five compounds, which 
again supports the idea that DCM inhibited the oxygen-evolving 
system, leaving the photoreducing system functional. With all 
these compounds, similar responses were obtained using either 
NH-OH or ammonium ion, although higher concentrations of 
these compounds were necessary for inhibition. Hydroxylamine 
is a potent inhibitor of photosynthesis, and like DCM is relatively 
innocuous to algae adapted to photoreduce hydrogen and also 
prevents the de-adaptation in strong light (11, 12). Therefore, 
hydroxylamine resembles DCM in exerting its inhibitory effect 
on the enzymes responsible for oxygen evolution, and the ability 
of the ascorbate-DPI couple to overcome the hydroxylamine 
inhibitions described in Table III was to be expected. In this 
regard, these data would indicate that the locus of DCM and 
hydroxylamine inhibition was not in the formation of the initial 
oxidized product under the influence of light, but would require 
their inhibition at some later point where the oxidized product 
was utilized to produce oxygen from water. In the present ex- 
periments, the primary oxidized product, in the presence of 
DCM or hydroxlyamine, was still free to cause the oxidation of 
ascorbic acid. Ammonium ion at high concentration again 
mimics both DCM and hydroxylamine, indicating a similar 
function. This effect of ammonium ion would be opposed to 
ammonium ion at 10-* m, at which concentration it stimulates 
the rate of ferricyanide reduction and almost completely inhibits 
photophosphorylation (13). In the present experiments, am- 


TABLE III 
Ability of DPI-ascorbate couple to overcome inhibition caused by DCM, ammonium ion, and hydroxylamine 
The basic system (anaerobic) contained fresh spinach chloroplasts, Tris buffer, and photosynthetic pyridine nucleotide reductase in 


the amounts given in Table I. 


Where indicated there were added DPN, TPN, indigo carmine, ascorbate, and DPI in the amounts 


given in Table II, 2 umoles of FMN, 2umoles of vitamin K;, 0.06 umole of DCM, 6 umoles of hydroxylamine, and 1000 pmoles of NH.Cl. 


Other conditions were as given in Table I. 
only to the systems involved in TPN and DPN photoreduction. 


The experiments involving FMN were performed in red light. 


The reductase was added 






































Extent of photoreductions 

Conditions | | Indigo | Vitamin 

Chlorophyll | TPN redn. |Chlorophyll | DPN redn. |Chlorophyll | = |Chlorophyll FMN redn. |Chlorophyll on 

keri . 
mg/6 ml pmoles/ml | mg/6 ml pmoles/ml. mg/6 ml pmoles/ml | mg/6 ml | pmoles/ml mg/6 ml pmoles/ml 

MS 5 es cdc. cate ac cee ees 0.076 0.193 0.080 0.168 0.080 0.102 | 0.068 0.013 0.131 0.071 
+DPI, ascorbate............... 0.164 0.137 | 0.064 | 0.022 0.034 
MME Hh! Mi diva bss. hs ides 3 oh a dined 0.003 0.003 0.001 | 0.005 0.009 
+DCM, ascorbate.............. 0.042 0.035 | 0.009 | 0.010 0.015 
+DCM, DPI, ascorbate. ....... 0.179 0.146 | 0.060 | 0.019 0.024 
(Boiled chloroplasts)... ....... 0.001 0 Ti ae | 0.005 0.001 
EE Se a ree 0.065 0.154 0.080 0.168 0.080 | 0.126 | 0.068 | 0.013 0.131 0.068 
+DPI, ascorbate............... 0.098 0.137 0.100 | | 0.021 0.038 
+Hydroxylamine............... 0.020 0.014 0.002 | 0.004 0.010 
+Hydroxylamine, ascorbate. ... 0.035 0.024 0.041 | 0.018 0.015 
+Hydroxylamine, DPI, ascor- 

NG ate Sars 20 50 niche & th tierce: 0.121 0.098 0.094 | 0.058 0.023 
Sg ee Cen ae ae ee 0.076 0.188 0.068 0.130 0.072 | 0.072 | 0.078 0.036 0.131 0.074 
+DPI, ascorbate............... 0.153 0.056 | 0.059 | 0.027 0.056 
, aS OR ies 0.010 0.009 | 0.001 | | 0.001 0.004 
+NH,', ascorbate.............. 0.030 0.018 0.026 | | 0.007 0.010 
+NH,*, DPI, ascorbate........ 0.122 0.054 0.054 | 0.021 0.037 
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monium ion at 10-* m did not inhibit the photoreduction reac- 
tions, and in some cases even served to stimulate the reactions. 
It would appear, therefore, that the effects of ammonium ion at 
10-* m on photophosphorylation and at higher concentrations on 
the described photoreductions are separate and distinct. 

The inhibition caused by DCM, hydroxylamine, and ammo- 
nium ion was partially overcome by the addition of ascorbate 
alone, but in no case was ascorbate as effective as ascorbate and 
DPI together. Thus, it appears that ascorbate itself was able 
to interact slowly with the electron transport chain leading to 
the photo-oxidizing site, and addition of the dye DPI stimulated 
this interaction by acting as an intermediate electron carrier. 
This agrees with the data of Marre et al. (9) and Ikeda (10), who 
have shown that chloroplasts are capable of catalyzing a slow 
photo-oxidation of ascorbate, and addition of DPI stimulated 
the reaction. The experiments of Marre et al. are related to the 
present investigation, since they show a coupled photo-oxidation 
of ascorbate and photoreduction of TPN, and they explain their 
data in essentially the same manner. One datum in Table III, 
the stimulating effect of hydroxylamine upon FMN photoreduc- 
tion in the presence of ascorbate and DPI, cannot be explained 
at the present time. Neither DCM or ammonium ion behave 
this way, so it seems to be unique with hydroxylamine. The 
experiment given in Table III represents the greatest amount of 
stimulation observed in the presence of hydroxylamine. In eight 
separate experiments the average rate of FMN photoreduction 
with hydroxylamine was about twice that observed in the ab- 
sence of hydroxylamine. 

Of the compounds listed in Table III which are photoreduced 
by chloroplasts, TPN, indigo carmine, FMN, and vitamin K; 
stimulate the photophosphorylation process of chloroplasts (14). 
TPN facilitates photophosphorylation by means of a phos- 
phorylation accompanying TPN photoreduction, and FMN, 
indigo carmine, and vitamin K; act as electron carriers in the 
cyclic phosphorylation process (13, 14). The photoreduction of 
DPN recorded in Table II is essentially equivalent to TPN 
photoreduction, since DPN is reduced via a transhydrogenase 
contained in the system. The photoreduction of vitamin K; 
by spinach leaf homogenate in the presence of ascorbate and 
DPI has previously been reported by Ikeda (15). Another com- 
pound which stimulates photophosphorylation markedly is 
phenazine methosulfate, and it would be logical to assume that 
phenazine methosulfate could also be photoreduced by spinach 
chloroplasts. However, to date it has not been possible to 
demonstrate a photoreduction of this compound in the absence 
of DPI and ascorbate, and since ascorbate reduces phenazine 


methosulfate directly, the use of ascorbate and DPI to force the © 


photoreduction of phenazine methosulfate is not possible. The 
inability of chloroplasts to photoreduce phenazine methosulfate 
sets this compound apart from the other activators of photo- 
phosphorylation. The experiments of Jagendorf (13) show the 
effect of inhibitors on phenazine methosulfate-stimulated photo- 
phosphorylation is unique, and he assigns a different cut-in point 
for phenazine methosulfate on the system responsible for utiliz- 
ing the oxidizing equivalents to produce oxygen, with reduced 
phenazine methosulfate donating electrons very early in this 
sequence. The inability of chloroplasts to photoreduce phen- 
azine methosulfate is in accord with this proposal of Jagendorf. 
Photosynthetic pyridine nucleotide reductase is not required 
for the photoreduction of ferricyanide by chloroplasts, indicating 
separate pathways for photoreduction of these two compounds 
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TABLE IV 
Independence of indigo carmine and TPN photoreduction 

The spinach chloroplasts used were freshly prepared and were 
capable of photoreducing both compounds in the absence of DPI 
and ascorbate. The basic reaction mixture (anaerobic) contained 
Tris buffer pH 7.0, chloroplasts equivalent to 0.05 mg of chloro- 
phyll and TPN or indigo carmine in the amounts given in Table 
II in a final volume of 6.0 ml. 




















Extent of photoreduction 
Conditions - 
TPN Indigo carmine 
pmoles/ml pmoles/ml 
Basie syatem: . 0: 5.505. SO ae eS 0.001 0.042 
+Photosynthetic pyridine nucleotide 
reductases. is 1.405 Aleiaigua apeeean 0.096 0.071 
+Boiled photosynthetic pyridine 
nucleotide reductase................ 0.002 0.068 
=) +, enn les muerte ss ng 0.044 
(13, 16). Table IV shows that TPN and indigo carmine photo- 


reduction also occur via different pathways, since TPN photo- 
reduction is absolutely dependent upon the presence of the 
reductase and indigo carmine photoreduction proceeds in the ab- 
sence of the enzyme. Addition of the enzyme preparation in- 
creases the rate of indigo carmine photoreduction, but this is not 
due to a functional enzyme, because boiling the enzyme prepara- 
tion does not affect its ability to stimulate indigo carmine photo- 
reduction. Also, addition of TPN to the indigo carmine system 
has no significant effect upon the reduction of the dye. 


DISCUSSION 


There is at present ample evidence that ascorbate can be 
photo-oxidized by chloroplasts. The early experiments of Ver- 
non and Kamen (6) which were inspired by the pioneer work of 
Mehler (17) were performed under aerobic conditions and the 
reaction expressed as oxygen consumed in the reaction. As- 
corbate itself supported a low rate of oxygen uptake, but the 
presence of DPI was required for maximal oxygen uptake. The 
experiments of Vernon and Ihnen (18) showed that addition of 
indigo carmine or FMN further stimulated the rate of oxygen 
uptake, and Ikeda (10) has shown that FMN and vitamin K; 
stimulated the reaction. In all these experiments, performed 
under aerobic conditions, the investigators postulated that the 
reducing equivalents produced in the light were ultimately used 
in a reaction with oxygen, and the stimulations caused by indigo 
carmine, FMN and vitamin K; were explained in terms of their 
reduction by the photochemical reducing equivalents and sub- 
sequent reoxidation by molecular oxygen. Thus, these reactions 
would represent a simultaneous photo-oxidation of ascorbate (in 
the presence of DPI) and photoreduction of oxygen, yet the 
experimental procedure did not allow a definite conclusion on 
this matter (19). The isotope experiments of Habermann and 
Vernon (7) were more definitive, and support the hypothesis 
made from the manometric data. 

A simultaneous oxidation of ascorbic acid and photoreduction 
of some other compound under anaerobic conditions would more 
clearly represent the postulated photoreduction and photo- 
oxidation systems. Marre et al. (9) have done such an experi- 
ment, in which ascorbate oxidation was coupled to TPN photo- 
reduction. Ikeda (15) has likewise demonstrated such a system 
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when he was able to photoreduce vitamin K; in the presence of 
ascorbate and DPI. The present investigation is another 
demonstration of this type of reaction, in which TPN, DPN, 
indigo carmine, FMN, and vitamin K; were photoreduced in the 
presence of the ascorbate-DPI couple. The previous report of 
Vernon and Hobbs (4) shows that in such a system ascorbate 
was oxidized whereas indigo carmine was photoreduced. ll the 
preceding data, and particularly the ability of the ascorbate- 
DPI couple to overcome DCM inhibition of the photoreduction 
reactions, compel one to conclude that the ascorbate-DPI couple 
can indeed react with the photochemical oxidizing equivalents 
produced by the chloroplast. The present investigation shows 
that this ability becomes apparent in the chloroplast when it 
loses its ability to evolve oxygen (viz. perform a Hill reaction 
with TPN). This phenomenon suggests that either the ability 
to photo-oxidize ascorbate is acquired upon aging of the chloro- 
plast, or the potential for this reaction is always present, but due 
to unsuccessful competition does not become apparent until the 
oxygen-evolution system becomes inoperative. The latter ex- 
planation is preferred, since freshly prepared chloroplasts can 
photo-oxidize ascorbate when DCM is present. Jagendorf and 
Margulies (20) have reported that ascorbate and phenazine 
methosulfate form a couple which restores TPN photoreduction 
in the presence of p-chlorophenyl-(1 ,1-dimethylurea), which like 
DCM inhibits oxygen evolution. It is logical to assume the 
phenazine methosulfate acts in a manner similar to DPI in the 
present case, coupling ascorbate to the photo-oxidizing system of 
the chloroplast. 

A simultaneous photoreduction of DPN and photo-oxidation 
of ascorbate (in the presence of DPI) can be performed with 
chromatophores of 2hodospirillum rubrum, as shown in Table 
V. Using aged chloroplasts, a completely analogous reaction 
can be performed with spinach chloroplasts. In this type of 
experiment, the pyridine nucleotide reduced by chloroplasts is 
presumably TPN, and the DPN couples with it by means of a 
pyridine nucleotide transhydrogenase. The interesting feature 
of this Table is that it shows another common denominator for 
both the plant and bacterial systems in addition to the process of 
photophosphorylation (21). With degraded chloroplasts, where 
ascorbate can be oxidized via DPI, a similar situation exists in 
both the plant and bacterial photosynthetic particles in that the 


TABLE V 


Similarity of aged spinach chloroplasts and Rhodospirillum rubrum 
chromatophores in catalyzing linked photooxidation of 
ascorbate and photoreduction of DPN 

The R. rubrum chromatophores were prepared as previously 
described (5). The basic reaction mixture (anaerobic) contained 
500 umoles of Tris buffer pH 7.0, 0.2 umole of DPI, 4.0 ymoles of 
ascorbic acid, 1 wmole of DPN, 30 wmoles of sodium pyruvate, 
0.2 mg of crystalline lactic dehydrogenase and chromatophores 
equivalent to 0.21 mg of bacteriochlorophyll or chloroplasts 
equivalent to 0.13 mg of chlorophyll in a final volume of 6.0 ml. 
Illumination time was 30 minutes. The chloroplast system also 
contained photosynthetic pyridine nucleotide reductase in the 
amount shown in Table I. 











Experiment Ascorbate oxidized | Lactate produced 
pmoles/ml pmoles/ml 
Aged chloroplasts............. 0.42 0.39 
Bacterial chromatophores... .. | 0.57 | 0.30 
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photoreducing power can be utilized to reduce a pyridine nucleo- * 


tide and the photo-oxidizing power used to oxidize ascorbate, 
showing again that the bacterial chromatophore is roughly 
analogous to a chloroplast which has lost its ability to photo- 
oxidize water and substitutes a photo-oxidation of some other 
electron donor (6). 


SUMMARY 


1. The ability of freshly prepared chloroplasts to photoreduce 
TPN under anaerobic conditions decreased in the presence of 
ascorbate and 2,6-dichlorophenolindophenol (DPI). On aging 
the chloroplasts, however, addition of ascorbate and DPI was 
required for a high rate of TPN photoreduction. Qualitatively 
similar results were obtained for photoreduction of DPN, indigo 
carmine, FMN, and vitamin K3. 

2. The photoreduction of TPN, DPN, and indigo carmine 
was stimulated by the addition of cysteine, whereas glutathione 
was without significant effect. 

3. Addition of 3-(3,4-dichlorophenyl)-1 ,1-dimethylurea 
(DCM) at 10-° m to freshly prepared chloroplasts inhibited the 
photoreduction of TPN by more than 98%, and activity was 
restored to 94% of the original value by addition of ascorbate 
and DPI. Hydroxylamine at 10-* mw and ammonium ion at 0.17 
M produced similar effects. Qualitatively similar results were 
obtained with these three inhibitors for photoreduction of DPN, 
indigo carmine, FMN, and vitamin K;. Since DCM and hy- 
droxylamine inhibit the oxygen-evolving system, the ability of 
ascorbate and DPI to overcome these inhibitions places the action 
of DPI and ascorbate on the oxygen-evolving system. The 
photoreductions of the various compounds described in this in- 
vestigation were manifestations of the simultaneously produced 
reducing equivalents. 

4. The data substantiate the previously proposed idea that 
ascorbate is photo-oxidized in the absence of oxygen by the 
photochemical oxidizing equivalents produced by the illuminated 
chloroplasts, with the dye DPI acting as intermediate electron 
carrier. With intact chloroplasts the oxidizing equivalents are 
utilized preferentially for oxidation of water to produce oxygen. 
Only after the oxygen-evolution system becomes inoperative can 
the ascorbate-DPI couple compete successfully for the oxidizing 
equivalents. 

5. The photoreduction of indigo carmine, FMN, and vitamin 
K3, which are all activators of the process of photophosphoryla- 
tion, supports the concept that these compounds stimulate by 
increasing the rate of electron flow in the chloroplast. 


Acknowledgment—The authors wish to express their thanks to 
Dr. Norman I. Bishop for a gift of DCM. 
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Desulfovibrio desulfuricans is an obligately anaerobic organism 
that can be grown heterotrophically with sulfate and an organic 
electron donor or autotrophically with sulfate, hydrogen, and 
CO; (1). The presence of sulfate is obligatory for growth both 
with hydrogen and organic electron donors, except in the case 
of pyruvate (2). During growth, large amounts of sulfide are 
produced from the sulfate which is for this organism the terminal 
electron acceptor in anaerobic respiration (3). 

Intact cells of D. desulfuricans reduce sulfate, sulfite, and 
thiosulfate to sulfide with molecular hydrogen (4). Sulfite and 
thiosulfate are reduced by cell-free extracts of this organism to 
sulfide in the presence of hydrogen (5). However, extracts do 
not reduce sulfate in the presence of hydrogen. Peck (6) has 
demonstrated that cell-free extracts require adenosine 5’-triphos- 
phate for the.reduction of sulfate with molecular hydrogen (see 
also (7)). The initial step in sulfate reduction is the formation 
of adenosine 5’-phosphosulfate! from ATP and sulfate by the 
enzyme ATP-sulfurylase (8)! as shown in Equation 1.? 


ATP + SO." — APS + PP; (1) 


In the presence of ATP, MoO,-, pyrophosphatase, and ATP- 
sulfurylase, there occurs a rapid liberation of inorganic phosphate 
from ATP (9). The observation that MoO, and other Group 
VI anions inhibit sulfate reduction in cell-free extracts and 
whole cells (6) indicates that in both extracts and intact cells 
the initial step in the reduction of sulfate requires ATP (Equa- 
tion 1). Thus the reduction of sulfate but not that of thiosul- 
fate or sulfite can be used as a measure of the capability of these 
cells for producing ATP. 

Relatively little is known about the energy metabolism of 
D. desulfuricans. Since the organism is able to grow auto- 
trophically on Hz, COs, and sulfate, it must derive its energy 
from the oxidation of molecular hydrogen by sulfate. The pres- 
ent communication describes the effect of 2,4-dinitrophenol on 
sulfate reduction by hydrogen in cells of D. desulfuricans. 


EXPERIMENTAL PROCEDURE 


D. desulfuricans was grown as described by Peck (6). Large 
amounts of cells were obtained by culturing the organism ana- 
erobically in a Biogen apparatus (American Sterilizer Company). 
Cell-free extracts were prepared as previously described (6). 
Whole cells were suspended in 0.025 m phosphate, pH 7.75, and 


* Operated by Union Carbide Corporation for the United States 
Atomic Energy Commission. 

1H. D. Peck, unpublished experiment. 

2 The abbreviation used is: APS, adenosine 5’-phosphosulfate. 


used as a 20% suspension. Cells stored under hydrogen at 5° 
retained their ability to reduce sulfate for about 2 weeks. Hy- 
drogen utilization was determined in the standard Warburg 
apparatus. Acid-volatile S** was absorbed in 2 n NaOH and 
counted in a liquid scintillation spectrometer (Packard Instru- 
ment Company). 


RESULTS 


Effect of Dinitrophenol on Reduction of Sulfate by Intact Cells— 
In contrast to extracts, whole cells reduce sulfate to sulfide in 
the absence of an added organic energy source, according to the 
following equation: 


80.°°+4H:—>4H0 +S (2) 


Fig. 1 shows the effect of dinitrophenol on the reduction of sul- 
fate (A) and thiosulfate (B). At 30 minutes, 0.5 umole of 
dinitrophenol was added to cells that were metabolizing sulfate 
and thiosulfate. The rate of hydrogen utilization increased 
immediately with both substrates. After 15 minutes, hydrogen 
utilization with thiosulfate continued at a rate comparable to 
that observed in the control flask. During the same time hy- 
drogen utilization with sulfate was almost completely inhibited. 

At the time of addition of the dinitrophenol, S*°O,- was added 
to the flasks containing sulfate to give a specific activity of 250,- 
000 c.p.m. per umole of sulfate. The end product of sulfate 
reduction, hydrogen sulfide, is acid-volatile, and was trapped in 
KOH after the reaction was stopped with acid. During the 
interval that dinitrophenol was in contact with the cells, 0.24 
umole of acid-volatile S** was formed. In the same time period, 
the control without dinitrophenol reduced 2.96 umoles of S*, 
whereas controls incubated under helium showed 0.23 umole of 
acid-volatile S** without dinitrophenol and 0.07 umole of acid- 
volatile S** with dinitrophenol. These data show an even 
greater inhibition of sulfate reduction than is evident from the 
manometric observations. The failure to observe inhibition of 
thiosulfate reduction with dinitrophenol indicates that the elec- 
tron-transport chain between hydrogen and thiosulfate, which 
also appears to be involved in sulfate reduction, is not inhibited 
by dinitrophenol. 

Effect of Dinitrophenol on Sulfate Reduction by Cell-free Ex- 
tracts—In the presence of ATP, sulfate is reduced to sulfite 
with molecular hydrogen in cell-free extracts of D. desulfuricans. 
This reaction requires two enzymatic components! and differs 
from sulfate reduction in yeast where 3’-phosphoadenosine -5’- 
phosphosulfate rather than APS appears to be the active form 
of sulfate (10, 11). The first reaction is the formation of APS 
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and pyrophosphate from ATP and sulfate (Equation 1); it is 
catalyzed by a sulfurylase similar to the sulfurylase of yeast 
(8). The second step (Equation 3) is the reduction of APS to 
AMP and sulfite in the presence of reduced cytochrome cs, 
which is present in crude extracts. 


APS + cytochrome c; (reduced) —> 
AMP + SO;7 + cytochrome c; (oxidized) (3) 


The fact that cytochrome cs; is also required for the reduction 
of sulfite and thiosulfate indicates that there is a common path- 
way for electron transfer between hydrogen and sulfate, sulfite, 
and thiosulfate. The data presented in Table I demonstrate 
the failure of dinitrophenol to inhibit the reduction of sulfate 
and thiosulfate in cell-free extracts. These observations indi- 
cate that dinitrophenol does not inhibit the hydrogenase, the 
enzymes reducing sulfate and thiosulfate, or the enzymatic com- 
ponents mediating electron transfer between these enzymes. 

In the presence of only hydrogen and dinitrophenol, cell-free 
extracts utilize hydrogen for 10 to 20 minutes to the extent of 
6 to 10 wmoles. The hydrogen uptake cannot be accounted for 
by the reduction of the small amount of dinitrophenol added 
to the reaction mixture. The significance of this activity ob- 
served in cell-free extracts has not been ascertained. 

Although dinitrophenol is reduced by whole cells (as described 
in a later section), the amount of dinitrophenol added cannot 
account for the increased hydrogen utilization observed upon 
the addition of dinitrophenol. This phenomenon seems to be 
identical with the increased utilization of endogenous reserves 
observed in yeast and bacteria in the presence of dinitrophenol 
(12, 13). An explanation for the inability of cells to reduce 
sulfate after dinitrophenol is added is that dinitrophenol causes 
an uncoupling of phosphate esterification during sulfate reduc- 
tion with hydrogen and consequent failure to produce ATP for 
the reduction of sulfate. An alternative explanation of this 
inhibition is that dinitrophenol causes a rapid and complete 
utilization of endogenous reserve material, which normally 
through substrate phosphorylations supplies ATP for the activa- 
tion of sulfate. Evidence will be presented that suggests the 
latter explanation is not valid. 

Effect of Methyl Viologen on Reduction of Sulfate—Sulfate and 
thiosulfate reductions in cell-free extracts are markedly stimu- 
lated by addition of catalytic amounts of methyl viologen (6). 
Extracts contain cytochrome c3, which has been demonstrated 
to function as an electron carrier in the reduction of both thio- 
sulfate (3) and sulfate (6) with hydrogen. These extracts may 
be diluted so that there is no stimulation of sulfate reduction 
upon the addition of excess cytochrome c3. When the diluted 
extracts are supplemented with a catalytic amount of methyl 
viologen, however, sulfate is rapidly reduced. It was therefore 
concluded that one or more factors, in addition to cytochrome 
¢3, are required in the absence of methyl viologen for the trans- 
fer of electrons between hydrogenase and the enzymes responsi- 
ble for the reduction of sulfate. 

If cytochrome c3 and the additional postulated components 


are involved in the esterification of phosphate within the whole - 


cells, methyl viologen should inhibit sulfate reduction by shunt- 
ing electrons around these components. The effect of methyl 
viologen on hydrogen uptake in the presence of sulfate and thio- 
sulfate by whole cells is shown in Table II. Sulfate reduction 
is completely inhibited by methyl viologen, but the reduction 
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Fic. 1. The inhibition of sulfate reduction by dinitrophenol. 
At the beginning each flask contained: cell suspension, 0.5 ml; 
phosphate (pH 7.75), 75 wmoles; MgCle, 10 wmoles. Additions: 
Na2S30s, 40 wmoles; dinitrophenol, 0.5 umole; 8*50,, at 30 minutes 
to give a specific activity of 6.25 X 10° c.p.m. per umole of sulfate. 
Final volume, 2.0 ml. 2.N NaOH in center well, 0.2 ml. Incuba- 
tion: temperature, 30°; gas phase, He. 


TABLE I 
Effect of 2,4-dinitrophenol on sulfate and thiosulfate 
reduction in cell-free extracts 
At the beginning each flask contained: cell-free extract, 25 mg; 
Tris (pH 8.0), 300 umoles; MgCle, 10 umoles. Additions: Na2SO,, 
40 umoles; Na2S.0;, 40 umoles; ATP, 20 umoles; dinitrophenol, 
0.1 umole. Final volume, 2.0 ml. In center well, 2 n NaOH, 0.2 


ml. Incubation: time, 40 minutes; temperature, 30°; gas phase, 
He. 











Amount of H: utilized 
Additions 
Uncorrected oe end 
pmoles 

We eS AYP Ea Rae 0.70 
Pei Gophiiot > SE. Sy 5.80 
ne eS ot E04 FER Pe Le eee 0.76 
Sulfate + dinitrophenol................. 5.98 0.18 
puerta aes Bee S 8.25 7.49 
Sulfate + ATP + dinitrophenol......... 15.28 9.30 
IE 5. 5 c:ecora unre 3a Se eees eae ae 8.25 7.55 
Thiosulfate + dinitrophenol............. 12.05 6.25 











of thiosulfate is actually stimulated by the dye. Here again 
the point of action of the inhibitor seems to be on the ability of 
the cells to produce ATP for the activation of sulfate. 

~ Reduction of Dinitrophenol by Intact Cella—When whole cells 
of D. desulfuricans are incubated under hydrogen with dinitro- 
phenol, an uptake of hydrogen occurs that stops after 15 to 20 
minutes. A portion of this hydrogen utilization results from 
the reduction of dinitrophenol. But if it is assumed that all the 
dinitrophenol was reduced to 2,4-diaminophenol, the hydrogen 
utilization observed was 2 to 10 times as great as that expected 
from the reduction of dinitrophenol to diaminophenol. As men- 
tioned previously, this additional hydrogen consumption seems 
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TaBLeE II 
Effect of methyl viologen on sulfate and thiosulfate reduction 


At the beginning each flask contained: cell suspension, 0.75 ml; 
phosphate (pH 7.7), 300 umoles; MgClz, 10 wmoles. Additions: 
Na.S0O,, 40 umoles; Na2S.0;, 40 wmoles; methyl viologen, 0.8 











umole. Final volume, 2.0 ml. In center well, 2 Nn NaOH, 0.2 ml. 
Incubation: time, 30 minutes; temperature, 30°; gas phase, He. 
Additions Amount of Hs 

pmoles 

eS eR a aes ube dee weckes tr hietore 0.0 

PECTS PEE POTPD De. toe 0.3 

nd Bak disias de os we he we 11.9 

Sulfate + methyl viologen.................... 0.3 

yp EE De OSI, Sa a ee 15.9 

Thiosulfate + methyl viologen................ 18.2 








Tasie III 
Effect of 2,4-diaminophenol and 2-amino-4-nitrophenol 
on sulfate reduction 

At the beginning each flask contained: cell suspension, 0.5 ml; 
phosphate (pH 7.7), 100 uwmoles; MgCl:, 10 umoles; Na2SQ,, 40 
umoles. Final volume, 2.0 ml. In center well, 2 Nn NaOH, 0.2 
ml. Incubation: time, 20 minutes; temperature, 30°; gas phase, 
He. 














Additions scum! | name f 
pmole pumoles 
ER RE ee ye vee 16.6 
Pe IN oso un kg do tanens +4 0.1 1.65 
NO oon. ong bs cteneitte see 0.2 12.1 
Ee ee re 1.0 0.98 
2-Amino-4-nitrophenol................... 0.1 11.9 
2-Amino-4-nitrophenol................... 1.0 6.16 





TaBie IV 

Reversibility of inhibition by 2,4-dinitrophenol of sulfate reduction 

At the beginning each flask contained: cell suspension, 0.5 ml; 
MgClz, 10 wmoles. Additions: Na2SQ., 40 wmoles; Na2S;0s3, 30 
umoles; dinitrophenol, 0.2 umole. Final volume, 2.0 ml. In cen- 
ter well, 2N NaOH, 0.2 ml. Incubation: time, 30 minutes; tem- 
perature, 30°; gas phase, H2. Cells incubated with the additions 
were washed three times with the buffer. Each washed-cell prep- 
aration was examined for its ability to reduce sulfate. 

















Amount of Hs: utilized 
Additions 
With additions, | With sulfate, 
before washing | after washing 
pmoles 
SIN 6. 6.4.5: da AGIA Nea Notes bl BO 21.8 11.3 
Thiosulfate + dinitrophenol.......... 15.7 9.0 
a el rl dg a ny le leh A A a 19.4 15.8 
Sulfate+ dinitrophenol .............. 4.3 2.1 





to represent a stimulation in the utilization of endogenous re- 
serves. 

The reduction of dinitrophenol proceeds first to an orange 
compound and then more slowly to a pink compound. The 
orange compound was isolated from a large reaction mixture 
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by alcohol extraction and crystallized from water. From the 
spectral properties and melting point (141°), this compound 
has been identified as 2-amino-4-nitrophenol. The pink com. 
pound has not been crystallized but, from solubility and spectral 
properties, it appears to be 2,4-diaminophenol. The occurrence 
of 2,4-diaminophenol as a reduction product of dinitropheno] 
in bacteria has been described (14). Since 2-amino-4-nitro. 
phenol has been reported to inhibit bacterial oxidative phos. 
phorylation (15), the inhibitory properties of these reduction 
products were examined. The results are shown in Table II], 
Both 2, 4-diaminophenol and 2-amino-4-nitrophenol are much legs 
inhibitory than dinitrophenol for sulfate reduction. At a con. 
centration 10 times greater than that of the dinitrophenol, how- 
ever, the diaminophenol is quite inhibitory. The observation 
that these reduced derivatives of dinitrophenol are less inhibij- 
tory then dinitrophenol itself for sulfate reduction partially ex- 
plains the release of the inhibition of sulfate reduction described 
in the following section. 

Restoration of Sulfate Reduction in Cells Inhibited by Dinitro- 
phenol—The possibility existed that the inhibition of sulfate 
reduction by dinitrophenol did not represent a specific action of 
dinitrophenol on the energy-generating mechanism of these cells, 
but rather a lysis or partial disintegration of the integrity of the 
cells. Postgate (3) has shown that mild treatment of whole 
cells of D. desulfuricans with detergent does cause them to lose 
their ability to reduce sulfate but not other compounds of sulfur, 

The reversibility of the inhibition due to dinitrophenol was 
investigated by washing inhibited cells to remove dinitrophenol 
and then testing the cells for their ability to reduce sulfate with 
hydrogen. The results of such an experiment are shown in 
Table IV. Cells of D. desulfuricans were permitted to reduce 
sulfate and thiosulfate with hydrogen in the presence and ab- 
sence of dinitrophenol. The amount of hydrogen utilized before 
washing (Table IV) shows again the inhibition of sulfate reduc- 
tion by dinitrophenol. The cells were then washed three times 
with buffer and incubated with sulfate under hydrogen. Cells 
that had been reducing thiosulfate in the presence of dinitro- 
phenol reduced sulfate after washing at the same rate as cells 
that were incubated with only thiosulfate. However, cells in 
which sulfate reduction had been inhibited with dinitrophenol 
would not reduce sulfate with hydrogen after washing. The 
washing procedure did not diminish appreciably the ability of 
untreated cells to reduce sulfate. The observation, that cells 
incubated with thiosulfate and dinitrophenol could reduce sul- 
fate after washing, indicates that the inhibition of sulfate reduc- 
tion by dinitrophenol is not caused by lysis of the cells. 

The failure of cells preincubated with hydrogen, sulfate, and 
dinitrophenol to reduce sulfate after washing is probably caused 
by a depletion of endogenous energy-yielding reserves. 

Evidence has been presented that in whole cells ATP is re- 
quired for the reduction of sulfate to sulfite (6). In addition, 
dinitrophenol is reduced to aminophenol derivatives that are 
less inhibitory for sulfate reduction than is dinitrophenol itself. 
When the added dinitrophenol is reduced, the cells are still 
unable to reduce sulfate with hydrogen. Since dinitrophenol 
apparently causes the utilization of endogenous reserve material, 
it seemed that the failure of these cells to reduce sulfate after 
the reduction of dinitrophenol was attributable to a lack of ATP 
to initiate sulfate reduction. The sulfate reduction that did oc- 
cur after preincubation with hydrogen, thiosulfate, and dinitro- 
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Fig. 2. The reversal of dinitrophenol inhibition by thiosulfate. 
At the beginning each flask contained: cell suspension, 0.5 ml; 
phosphate (pH 7.7), 300 umoles; MgCle, 10 wmoles. Addition: 
$*50,", at 25 minutes to give a specific activity of 3.75 X 10‘ c.p.m. 
per wmole of sulfate. Final volume, 2.0 ml. In center well, 
2n NaOH, 0.2 ml. Incubation: temperature, 30°; gas phase, H» 


phenol might be explained by traces of thiosulfate remaining 
after the washing procedure. Such traces of thiosulfate would 
permit generation of sufficient ATP to initiate sulfate reduction. 

To test this idea, compounds that could participate in a sub- 
strate phosphorylation or the oxidation of hydrogen (an electron 
acceptor) were added to cells in which sulfate reduction was 
inhibited by dinitrophenol. The effect of thiosulfate on cells 
inhibited by dinitrophenol is shown in Fig. 2. Whole cells of 
D. desulfuricans were incubated under hydrogen with sulfate 
and sulfate plus dinitrophenol. Endogenous controls have been 
subtracted for each of the curves. To the flask containing sul- 
fate plus dinitrophenol, 2 umoles of thiosulfate were added at 25 
minutes when hydrogen utilization due to the addition of dinitro- 
phenol had stopped. Hydrogen utilization commenced immedi- 
ately and continued throughout the experiment at a rate com- 
parable to that observed in the absence of the inhibitor. At 
the time of addition of thiosulfate, S*5O,- was added and, after 
acidification of the reaction mixture, 4.3 umoles of S** were in- 
corporated into alkali. S**, 0.9 umole, was produced in a third 
flask (not indicated in Fig. 2) that had been incubated under 
hydrogen with sulfate and dinitrophenol and received only 
$0," after 25 minutes. In similar experiments it was shown 
that the addition of pyruvate or sulfite in catalytic amounts also 
restored sulfate reduction in the presence of the reduction prod- 
ucts of dinitrophenol. 

The restoration of sulfate reduction after inhibition with 
dinitrophenol in the presence of sulfate demonstrates again that 
inhibition is not caused by an irreversible destruction of the 
ability to reduce sulfate. The restoration of sulfate reduction 
by pyruvate seems to reflect the ATP requirement in sulfate 
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reduction. Sulfite and thiosulfate are presumed to restore sul- 
fate reduction by virtue of their ability to function as electron 
acceptors and thereby to enable the cells to resume oxidative 
phosphorylation and to produce ATP. 


DISCUSSION 


D. desulfuricans grows anaerobically under autotrophic condi- 
tions with hydrogen, carbon dioxide, and sulfate, and can be 
considered a hydrogen bacterium that reduces sulfate rather 
than oxygen. Thus it must be considered that, in the oxidation 
of hydrogen with sulfate, a generation of high energy phos- 
phate coupled with electron transport occurs. 

Several recent reports indicate the occurrence of phosphate 
esterification coupled to electron transport in anaerobic micro- 
organisms. During the reduction of glycine to acetate by ex- 
tracts of Clostridium sticklandit, ATP is produced and its forma- 
tion seems to be coupled with electron transport (16). Clos- 
tridium kluyveri ferments and grows on ethanol and acetate, but 
our knowledge of the fermentation indicates that there is no 
net formation of high energy phosphate at the substrate level 
(17). Preliminary evidence for an esterification of phosphate 
coupled with electron transport in this fermentation has been 
presented (18). 

The products of the lactate-sulfate fermentation are princi- 
pally acetate, carbon dioxide, and hydrogen sulfide (19), and 
the fermentation may be represented by Equation 8. This 
fermentation may be further described by Equations 4 to 7. 


2 CH,;CHOHCOOH + 2CH,COCOOH +4H- = (4) 
2 CH;COCOOH + 2 HOPO;- > 
2 CH;COOPO:" + 200: +4H- (5) 
2 CH,COOPO;- + AMP- + 2 Ht 2 CH,COOH + ATP* (6) 
SO.- + ATP+ + 8H- > 
S- + 2.0 + AMP- + 2 HOPO.- + 2 Ht (7) 





2 CH;CHOHCOOH + SO." > 
2 CH;COOH + 2CO:; + 8° +2H;0 (8) 


Although resting cells will reduce sulfate in the presence of lac- 
tate (20), the reaction shown in Equation 4 has not been demon- 
strated in cell-free extracts. The stoichiometry of the fermen- 
tation and analogy with other reactions suggest that the initial 
step in this fermentation is the conversion of lactate to pyruvate. 
The phosphoroclastic cleavage of pyruvate to acetyl phosphate, 
carbon dioxide, and hydrogen gas (Equation 5) has been demon- 
strated in cell-free extracts and seems similar to the phosphoro- 
clastic cleavage of pyruvate that occurs in many strictly ana- 
erobic organisms (21). Although the enzyme may not directly 
reduce cytochrome c; (22), the hydrogen formed in this reaction 
certainly can reduce the cytochrome. If molecular hydrogen 
were an obligatory intermediate in the reduction of cytochrome 
cs by pyruvate, the reaction sequence would explain the very 
high content of the enzyme hydrogenase found in cells grown 
on lactate in the apparent absence of molecular hydrogen. In 
cell-free extracts, pyruvate can furnish both electrons and high- 
energy phosphate for the reduction of sulfate. Equation 6 
represents the transfer of the high-energy phosphate of acetyl 
phosphate to AMP to form ATP. The presence of this reaction 
in cell-free extracts is inferred from the observation that acety] 
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phosphate will replace ATP for the reduction of sulfate with 
molecular hydrogen.! The over-all ATP-dependent reduction 
of sulfate is shown in Equation 7. In this reaction the four 
electron pairs, originating from the oxidation of two molecules 
of lactate to two molecules each of acetyl phosphate and carbon 
dioxide, plus the two high energy phosphates of the acetyl phos- 
phate formed are utilized for the reduction of one molecule of 
sulfate to sulfide. Thus, in the lactate-sulfate fermentation, 
there does not seem to be a net production of high energy phos- 
phate originating from substrate phosphorylations. It is sug- 
gested that, in this fermentation, the organism obtains the 
energy required for growth from phosphate esterification coupled 
with electron transport from lactate and pyruvate to sulfate. 
The presence of such an energy-generating system in hetero- 
trophically grown cells is also indicated by the fact that such 
cells can reduce sulfate with hydrogen in the absence of an 
added energy source. 

The effect of dinitropheno] and methyl viologen on sulfate 
and thiosulfate reduction by hydrogen in whole cells and the 
lack of dinitrophenol inhibition of sulfate reduction in cell-free 
extracts indicate that these two compounds are preventing the 
cells from producing ATP. The specific inhibition of oxidative 
phosphorylation by dinitrophenol in plant, mammalian, and 
bacterial systems is well documented. The inhibition of oxida- 
tive phosphorylation by dinitrophenol provides an explanation 
for the effect of dinitrophenol on sulfate reduction. It might 
be considered, however, that the inhibition of sulfate reduction 
results from the discharge of endogenous reserves which supply 
ATP for the activation of sulfate. This does not seem to be 
the case since, after inhibition with dinitrophenol and reduction 
of the dinitrophenol, the cells’ ability to reduce sulfate does not 
return; however, it may be restored by the addition of electron 
acceptors (7.e. sulfite or thiosulfate). It also should be noted 
here that, with lactate-grown cells, it is possible to incorporate 
more P®Q,~, S*O,", and valine-1-C™ into cell material in the 
presence of sulfate and hydrogen than in the presence of sulfate 
and helium (23).! 

Although azide and cyanide inhibit sulfate reduction (20), 
other potential inhibitors of oxidative phosphorylation (antimy- 
cin A, gramicidin, and Dicumarol) had no effect on the reduc- 
tion of sulfate. Failure to observe effects of these inhibitors of 
oxidative phosphorylation may result from the inability of 
these compounds to penetrate the cell membrane. 


SUMMARY 
Sulfate reduction with molecular hydrogen by whole cells of 
Desulfovibrio desulfuricans is inhibited by 2 ,4-dinitrophenol and 
methyl viologen. The reduction of thiosulfate is not inhibited 
by either of these compounds. In cell-free extracts, the reduc- 
tion of sulfate with hydrogen requires adenosine 5’-triphosphate 
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and is not inhibited by 2,4-dinitrophenol or methyl] viologen, 
These compounds seem to prevent the cells from producing 
adenosine 5’-triphosphate, and it is proposed that, in the lactate. 
sulfate fermentation and reduction of sulfate with hydrogen, g 
net production of adenosine 5’-triphosphate is possible because 
of an esterification of phosphate coupled with electron transport, 
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With the increased use of tetrazolium salts in biological systems 
(1-20), and with the increased availability of tetrazolium salts 
with widely different oxidation-reduction potentials (3-5, 11, 14, 
32), differences in the effect of anaerobiosis on the reaction rate 
(3, 6, 9, 10, 16, 19), in the effect of disrupting influences such as 
freeze-thawing or section thinness (6, 10, 16, 19), and in the 
inhibitory action of cyanide (6, 15, 18, 21-24), have become more 
evident. It has occurred to us that these differences could be 
due to the fact that the various tetrazolium salts accept electrons 
from different sites along the electron transport chain. Al- 
though recent publications have dealt with the sites of electron 
transfer to a variety of acceptors, little attention has been given 
to tetrazolium salts (25-27), other than to point out both simi- 
larities and dissimilarities with other oxidation-reduction dyes, 
such as methylene blue and 2,6-dichlorophenolindophenol (9, 
28-31). 

In order to test the above hypothesis, three pairs of tetra- 
zolium salts were selected for study. These were two monotetra- 
zolium salts, without and with nitro-substitution (2,3, 5-tripheny] 
tetrazolium chloride and 2-p-nitrophenyl-3-p-iodophenyl-5- 
phenyltetrazolium chloride) ; two ditetrazolium salts without and 
with nitro-substitution (2,2’ ,5,5’-tetraphenyl-3 , 3’-(3-3’dimeth- 
oxy-4,4’-biphenylene)ditetrazolium chloride and 2 ,2’-di-p-nitro- 
phenyl-5, 5’ - diphenyl-3 , 3’ - (3 ,3’ - dimethoxy - 4, 4’ - biphenylene) 
ditetrazolium chloride; and two ditetrazolium salts without meth- 
oxyl substitution, and without and with nitro-substitution (2 ,2’- 


_5,5/-tetraphenyl-3 ,3’-(p-biphenylene)ditetrazolium chloride and 


2,2’-dipheny] 5 , 5’-di-m-nitropheny1-3 , 3’-(p-biphenylene) ditetra- 
wlium chloride). Not only do these nitro groups increase the 
oxidation-reduction potential (32), but they apparently make 
the tetrazolium salt a more active acceptor of electrons in dehy- 
drogenase systems, whereas the methoxyl group increases the 
possibility of steric hindrance in reactions with components of 
dehydrogenase systems. 

Although the final organization of electron transport in the 
succinoxidase system has not been determined, a simplified 
scheme which incorporates current opinion (33-39) is shown in 
Scheme 1, together with the special conditions or inhibitors that 
were used in this study. By notation of the effects of these in- 
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ScHEME 1 
Scheme of the currently accepted succinoxidase system. The 
broken arrows indicate the sites where the materials or condi- 
tions listed either accept or block electron transfer in this sys- 
tem. 


hibitors or conditions upon formazan production, inference was 
made concerning the site of electron transfer to various tetra- 
zoles. It was expected that differences attributable to various 
degrees of disruption of the organized succinoxidase system might 
be evaluated by use of three types of enzyme preparations; puri- 
fied soluble succinic dehydrogenase, homogenates, and tissue sec- 
tions. This report will show that the nitro-containing mono- 
and ditetrazolium salts accept electrons at an earlier stage of 
electron transport than those without this strong electronegative 
group. 


EXPERIMENTAL PROCEDURE 


Preparation of Incubation Media—The reaction mixture used 
for both the biochemical and histochemical experiments consisted 
of the following reagents: sodium succinate (0.2 m), 1.0 ml; 
phosphate buffer (0.1 mM), pH 7.7, 1.5 ml; gelatin (0.1%), 0.5 ml; 
tetrazolium salt! (2 mg per ml), 1.0 ml; enzyme solution, 0.5 
ml; and distilled water, 0.5 ml. The reagents may be mixed 


1 The final concentrations of the tetrazolium salts differed be- 
cause of the variations in molecular weights as follows: TPT, 
12 X 10-‘m; INT, 8 X 10-4 M; BT, 5.5 X 10-* M; nitro-BT, 5 x 10-4 
M; NT, 6 X 10-*m; and nitro-NT, 5.3 X 10-*m. Nocorrection was 
needed for the fact that the ditetrazolium salts are capable of 
accepting twice as many electrons as the monotetrazolium salts, 
because on a weight basis the ability to accept electrons is 
nearly the same. However, for histochemical experiments with 
TPT and BT, more optimal staining was noted when half of the 
above concentration of these tetrazoles was used. 
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and stored (without enzyme) at 4° for 1 week. The control 
tube contained fumarate (0.1 m) in place of succinate. When 
phenazine methosulfate was used, it was prepared freshly at a 
concentration of 8 mg per ml, and 0.5 ml was added to the media 
in place of distilled water. 

Histochemical Procedure—Small blocks of liver (3 to 5 mm) 
from freshly exsanguinated rats were frozen rapidly by immer- 
sion in isopentane at —70° and then stored at —20°. Sections 
were cut in the cryostat (—20°) with a rotary microtome, fixed 
to cover slips by warming with a finger, and air-dried for 1 min- 
ute. For the incubations with the nitro-substituted tetrazolium 
salts, 12 u-thick sections were used, whereas for the others, sec- 
tions were 50 yu thick. The thinner sections were adequately 
stained after incubation at 37° for 15 minutes, whereas the un- 
substituted tetrazolium salts and the thicker sections required 
1 to 2 hours to stain adequately. After incubation, the sections 
were fixed in 10% formalin for 15 minutes and then were mounted 
on slides with glycerogel. Formazan deposition was estimated 
with magnification at 50 ona scale from 2— to 2+. Minus 
values indicate inhibition, plus values show activation, and 0 
represents no change from the control sections. 

Biochemical Procedures—Portions of the same rat livers which 
had been stored at —20° were homogenized in cold 0.1 m phos- 
phate buffer (pH 7.7) to give a concentration of 200 mg of tissue 
(wet weight) per ml of buffer. Gross debris was removed by 
centrifugation for 30 seconds at 3000 r.p.m. Because of the 
different degrees of reactivity with the various tetrazolium salts, 
it was necessary to vary the concentration of the enzyme solu- 
tions as follows: INT,? 3 to 4 mg per ml; nitro-BT, 10 to 15 mg 
per ml; nitro-NT, 30 to 40 mg per ml; NT, 50 to 60 mg per ml 
and TPT-BT, 200 mg per ml. When phenazine methosulfate 
was used, the concentrations of enzyme were halved. After 
4.5 ml aliquots of the incubation media had been warmed to 
37°, the homogenate solution was added. All reactions were run 
in duplicate. After 30 minutes of incubation with the nitro- 
substituted tetrazolium salts, it was possible to determine the 
color density directly in the photoelectric colorimeter (Klett- 
Summerson) with a 540 my filter. However, with the other 
tetrazolium salts the turbidity produced by the large amount of 
homogenate necessitated extraction of the formazan into a sol- 
vent. The incubation period was terminated by the addition to 
each tube of 0.5 ml of 40% trichloroacetic acid. This was not 
done in experiments with phenazine methosulfate. The tube 
was shaken with 5 ml of ethyl acetate, centrifuged briefly to 
clarify the solvent, decanted into a Klett tube, and the color 
density determined. 


EXPERIMENTAL CONDITIONS AND REAGENTS TESTED 


Anaerobiosis—The enzymatic assays were performed under 
anaerobic conditions obtained by reducing the pressure to a few 
mm Hg with an oil pump and a dry air ice trap, during the incu- 
bation period. A convenient method was to place the reaction 
tubes in a vacuum desiccator. The tubes were partially sub- 


2 The abbreviations used are: 2,3,5-triphenyl tetrazolium chlo- 
ride, TPT; 2-p-nitrophenyl-3-p-iodophenyl-5-phenyltetrazolium 
chloride, INT; 2,2’,5,5’-tetraphenyl-3,3’-(3,3’-dimethoxy-4, 4’- 
biphenylene) ditetrazolium chloride, BT; 2,2’-di-p-nitrophenyl- 
5, 5’-diphenyl-3,3’-(3,3’-dimethoxy-4,4’-biphenylene) ditetrazo- 
lium chloride, nitro-BT; 2,2’,5,5’-tetraphenyl-3,3’-(p-biphenyl- 
ene) ditetrazolium chloride, NT; 2,2’-diphenyl-5, 5’-di-m-nitro- 
phenyl-3,3’-(p-biphenylene) ditetrazolium chloride, nitro-NT. 
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merged in 2.5 inches of water at 37° with a small quantity o 
boiling chips. The jar was sealed, evacuated, and the entire 
system placed in a 37° water bath. In some experiments, the 
system was also flushed several times with nitrogen. 

Cytochrome Oxidase Inhibition—This was accomplished by the 
use of KCN (1.0 x 10-* m) dissolved in 0.1 m phosphate buffer 
(pH 7.7). The sections and the homogenates were preincubated 
with KCN for 30 minutes at room temperature before being 
added to the various reaction mixtures. The concentration of 
KCN was 5 X 10-* m during the preincubation period, and 10-*y 
during the enzyme assay. The histochemical and biochemica] 
preparations were handled similarly. Control enzyme prepara. 
tions were exposed to buffer alone during the preincubation 
period. 

Cytochrome c Removal—The effect of removing cytochrome ¢ 
was studied only with histochemical preparations. Sections 
fixed to cover slips were placed in 0.85% sodium chloride solu- 
tion for 30 minutes (thin sections) or for 60 minutes (thick see- 
tions). That this procedure removed most of the cytochrome ¢ 
from the tissues was verified by incubation of extra sections in 
the reaction mixture described for the histochemical demonstra- 
tion of cytochrome oxidase (40). No significant staining was 
noted unless cytochrome c (1 mg per ml) was added. Occasion- 
ally, with the thicker sections all of the cytochrome c was not 
removed in 1 hour, so that a faintly positive reaction for cyto- 
chrome oxidase was noted. When this happened, the sections 
were allowed to soak for an additional 30 minutes in fresh 0.85% 
sodium chloride solution. 

Antimycin A—This inhibitor was dissolved in absolute ethanol 
at a concentration of 1 mg per ml. The stock solution was 
stored at —18° and when used was diluted in water (1:100). 
For the histochemical studies, the sections were preincubated in 
antimycin A (1.2 ug per ml) for 10 minutes, and then transferred 
to the reaction mixture to which had been added 0.5 ml of anti- 
mycin A (12 wg per ml) instead of the 0.5 ml of distilled water. 
In the biochemical experiments, 5 wg of antimycin A were added 
to each 100 mg of tissue (wet weight) in the homogenate. After 
10 minutes of contact with the inhibitor, the enzyme solution 
was added to the incubation mixture containing the tetrazole. 
Thus, during the incubation periods, the ratio of antimycin A 
to homogenate was unchanged for all tetrazoles. The enzyme 
preparations used as controls were exposed to an ethanol-buffer 
mixture of like concentration and for the same preincubation 
period. 

Purified Soluble Succinic Dehydrogenase*@—To study the reac- 
tions of the various tetrazolium salts with the primary dehydro- 
genase, a 3% solution of succinic dehydrogenase was prepared 
from beef heart mitochondria acetone powder, according to the 
directions of Singer et al. (24). 


RESULTS 


Influence of Anaerobiosis and Cyanide—Anaerobiosis has been 
noted to enhance formazan production by the succinoxidase 
system in several histochemical studies (6, 7, 10, 13, 17) and in 
a few biochemical reports (3, 5, 9). This phenomenon was less 
evident in reports with nitro-substituted tetrazoles (16, 18, 19, 
41, 42), and was confirmed in the present study with three 
nitro-substituted tetrazolium salts as compared to three unsub- 


3 Prepared by Mr. Francis Stolzenbach, McCollum Pratt In- 
stitute, The Johns Hopkins University. 
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stituted tetrazoles. The results are shown in Table I. No sig- 
nificant amount of activation was obtained by anaerobiosis with 
the enzyme present in an homogenate, although some variation 
was noted (occasional activation) with the unsubstituted rea- 
gents (TPT, BT, and NT). However, with tissue sections there 
was constant and often striking activation as a result of anaero- 
biosis when these same reagents were used as the electron ac- 
ceptors. No such effect was noted with the nitro-substituted 
tetrazolium salts (INT, nitro-BT, and nitro-NT). Thus, it ap- 
pears that oxygen competes most successfully with the unsubsti- 
tuted tetrazoles for the liberated hydrogens, when the succinoxi- 
dase system is relatively intact (in tissue sections), via 
cytochrome oxidase. 

This hypothesis was supported by the experiments, with 
cyanide to block cytochrome oxidase (Table I). With both 
homogenates and tissue sections, complete inhibition (TPT and 
BT) or almost complete inhibition (NT) of tetrazolium reduction 
was observed. No inhibitory effect was noted for the nitro- 
substituted electron acceptors. Therefore, the data support the 
view that TPT and BT are reduced by accepting electrons at 
the terminal portion of the succinoxidase chain. The same state- 
ment appears to hold in large part for NT, except that a small 
but definite reduction occurs, even in the presence of cyanide, in 
the biochemical system and an even greater amount of formazan 
is produced in the cyanide-blocked histochemical system. The 
finding of some electron transfer to NT in the succinoxidase chain 
before cytochrome oxidase has been described by Oda and Oka- 
zaki (26). Although there are occasional activating effects with 
cyanide on the nitro-substituted tetrazolium salts which we can- 
not explain (Table I), nevertheless it is apparent that these 
acceptors receive electrons before cytochrome oxidase. 

Effect of Cytochrome c Removal—With TPT and BT, previous 
removal of cytochrome c resulted in the absence of formazan 
deposition in the sections in most instances. Occasional slight 
staining with TPT was believed to be due to incomplete removal 
of cytochrome c. When cytochrome c was returned to the reac- 
tion mixture (the control preparation), reduction of TPT and 
BT was restored. With NT, the sections were stained in the 
absence of cytochrome c about 50% as heavily as the control 
section, confirming the previous findings that some electron trans- 
fer with this tetrazole occurs before cytochrome c. With INT 
and nitro-BT, the sections devoid of cytochrome c stained as 
well as the controls, whereas with nitro-NT they were stained 
about one-half as strongly. This last tetrazole appears to differ 
from the other nitro-substituted reagents in that part of the 
electron transfer occurs before cytochrome c and an equal amount 
before cytochrome oxidase, as shown by the results with cyanide. 
This locates the site at cytochrome c, a finding similar to that 
obtained with potassium ferricyanide (43). 

Effect of Antimycin A—This reagent, originally isolated by 
Strong et al. (44), has been used to block the respiratory chain at 
extremely low concentrations. Its site of action is believed to be 
on a factor between cytochromes 6 and c (25, 28, 37, 38, 45, 46). 
The influence of antimycin A on reduction of the various tetra- 
zolium salts by the succinoxidase system is shown in Table II. 
In both biochemical and histochemical preparations, electron 
transfer to the unsubstituted tetrazoles is blocked completely 
(TPT and BT) or almost completely (NT). With INT and 
nitro-BT, the failure of antimycin A to prevent formazan pro- 
duction indicates that electrons are being transferred to these 
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Influence of anaerobiosis and cyanide on tetrazolium reduction by 
succinozidase system* 














Anaerobiosis Cyanide 
Tetrazolium salts 
Homogenates Sections Homogenates Sections 
% % 
gga Pa 100 ++ 2 -— 
EP ne 100 ++ 2 -- 
ai tauinbia och J 100 + 10 - 
ste iaeeirerepete than 100 0 110 0 
Nitro-BT........ 100 0 120 0 
Nitro-NT........ 100 0 100f + 














* Each column in the table summarizes three or more sets of ex- 
periments, with liver tissue from a different rat in each experi- 
ment. The results of the experiments with homogenates are 
recorded as percentages of the control activities which are con- 
sidered equal to 100%. Formazan deposition in the tissue sec- 
tions was graded from 2— to 2+, the estimations being made at 
50X magnification. Negative values indicate inhibition, pos- 
itive values, activation, and 0 means that the test reaction was 
similar to the control. 

t The results with this tetrazolium salt in the presence of cya- 
nide were not always consistent. Occasionally, slight activation 
was noted, whereas on other occasions some inhibition was ob- 


served. An average of four experiments suggested no significant 
effect. 


tetrazoles before the antimycin A-sensitive factor, e.g., either 
from the primary dehydrogenase or from cytochrome }. In 
contrast to these two nitro-substituted reagents, nitro-NT reduc- 
tion was significantly impaired by antimycin A. Thus, both NT 
and nitro-NT appear to receive a small but significant percentage 


TaB.e II 


Effect of antimycin A on reduction of tetrazolium 
salt by succinoxidase system* 











Antimycin A alone SS ene 
Tetrazolium salts 
Homogenates Sections Homogenates Sections 

% % 
We. 20s adie 0 -- 100 0 
Bee iv bisies suds ee 0 -- 100 0 
ns 76 on punta 20 -- 100 0 
NU cea ak «eines 99 0 
Nitro-BT:........,. 98 0 
Nitro-NT........ 30 - 100 0 

















* Designations here are similar to those described in Table I, 
and represent the averages of three or more determinations. In 
the experiments with homogenates, antimycin A was present at 
a concentration of 5 ug per 100 mg of tissue (wet weight). The 
same amount of antimycin A was used for the tissue sections, this 
representing much more inhibitor per milligram of tissue than was 
used with the homogenates. The inhibitor was preincubated with 
the enzyme for 10 minutes at room temperature for all the bio- 
chemical reactions. However, for the histochemical experiments, 
only the sections studied with the nitro-substituted tetrazolium 
salts were preincubated with antimycin A. Phenazine metho- 
sulfate was present in the reaction mixture at a concentration of 
2.3 X 107? Mm. 
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of the total electrons transferred at some site before the anti- 
mycin A-sensitive factor; TPT and BT are completely anti- 
mycin A-sensitive; INT and nitro-BT receive electrons before the 
antimycin A-sensitive site. The introduction of phenazine 
methosulfate into the reaction media results in the complete 
disappearance of the antimycin A effects upon all the tetrazolium 
salts studied. These findings were expected in the light of 
Singer’s work (23, 24, 29), which showed that phenazine metho- 
sulfate received electrons from the primary dehydrogenase, and 
that antimycin A had no effect on the assay of succinic dehydro- 
genase in the presence of phenazine methosulfate when oxygen 
uptake was measured. 

Experiments with Soluble Succinic Dehydrogenase—The impor- 
tant issue which remained unsettled was whether INT and nitro- 
BT could receive electrons directly from the primary dehydro- 
genase. Theoretically, two alternatives were available, either to 
block the reaction between cytochrome b and these tetrazoles, 
or to test them with an enzyme preparation devoid of cytochrome 
b. Since the former approach can not be used, tests were carried 
out with a 3% solution of soluble succinic dehydrogenase ob- 
tained from acetone powder of beef heart mitochondria (24). 
Neither INT nor nitro-BT were reduced in the reaction mixture 
when soluble succinic dehydrogenase was introduced. However, 
in the presence of phenazine methosulfate, all six tetrazoles were 
reduced, although at different rates. For example, the amounts 
of formazan produced per milligram of acetone powder were 
approximately 16.3, 26.7, 95.7, 602, 220, and 268 wg per hour, 
for TPT, BT, NT, INT, nitro-BT, and nitro-NT, respectively. 
The data support the conclusions that INT and nitro-BT receive 
electrons from the succinic dehydrogenase-cytochrome 6b com- 
plex, and that whereas the various tetrazoles studied are reduced 
at different sites along the electron transport chain, all can be 
reduced by the primary dehydrogenase through its interaction 
with phenazine methosulfate. 

Experiments with Other Tetrazolium Salts—The more reactive 
tetrazolium salts have two features in common; namely, the 
presence of nitro groups and a higher oxidation-reduction poten- 
tial. For example, 2; at pH 7.0 and 22° was reported as —50 
mv for nitro-BT and —90 mv for INT, whereas for BT, NT, 
and TPT, the Z, was —160 mv, —170 mv, and —460 mv, re- 
spectively (32). It is worth emphasizing that these measure- 
ments were made polarographically with irreversible systems and 
therefore are not ideal. The question as to whether the nitro 
groups exerted their influence only by making the oxidation- 
reduction potential of the system more favorable, or by some 
other means was tested by experiments with 3-(4,5-dimethyl 
thiazolyl-2)-2 ,5-diphenyl tetrazolium bromide (MTT) and 2,5- 
diphenyl-3-p-nitrophenyl tetrazolium chloride (DNT). The 
former reagent is reduced fairly rapidly by the succinoxidase 
system in tissue sections (17) and has an oxidation-reduction 
potential of —120 mv. On the other hand, the latter agent, 
which is similar to INT except for the absence of the p-iodo 
group, is reduced relatively slowly by homogenates. When these 
tetrazolium salts were tested with antimycin A-treated enzyme, 
reduction was noted to be one-half of that seen in the controls 
for both acceptors. That cytochrome oxidase was not involved 
in electron transfer to these reagents was determined by the 
failure of cyanide to produce a decrease in the production of 
either of the formazans, as compared with the enzymatic activity 
in the absence of cyanide. Thus, about one-half of the electron 
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transfer to these tetrazoles occurs before the antimycin A-seng. 
tive factor, and the remaining electrons are transferred at somp 
point between this factor and cytochrome oxidase. Whether 
the latter site is similar for these two tetrazolium salts is not 
known. The results noted with MTT and DNT, as well ag 
those with the six other tetrazoles studied, suggest that reaction 
rate does not correlate strictly with the site of transfer of elee. 
trons in the succinoxidase system. 


DISCUSSION 


Any procedure which interfered with the action of cytochrome 
oxidase prevented electron transfer to two of the three unsub. 
stituted tetrazolium salts, TPT and BT. Likewise, NT received 
the majority of available electrons after cytochrome oxidase, with 
a small but definite amount of reduction occurring before cyto 
chrome c. Nitro-NT, on the other hand, accepted electrons from 
the succinoxidase system at multiple sites, namely, a small pro- 
portion before the antimycin A-sensitive factor, some after this 
factor, and uniquely over half at the level of cytochrome ¢, 
INT and nitro-BT were reduced by the succinoxidase system in 
homogenates and sections even in the presence of antimycin A, 
but were not reduced by the preparation of soluble succinic de- 
hydrogenase. The most readily acceptable explanation is that 
INT and nitro-BT receive electrons from cytochrome b, or from 
the succinic dehydrogenase-cytochrome b complex. It is prob- 
ably valid to assume that succinic dehydrogenase is not denatured 
during the isolation and purification procedures, in such a way 
as to block reaction with the tetrazole but preserve reactivity 
with phenazine methosulfate. This assumption has been chal- 
lenged by Wainio and Cooperstein (47). Ultimate proof will be 
provided only when cytochrome 6 is isolated, or when some 
specific inhibitor of cytochrome 6 is found. 

No significant differences were noted between TPT and BT in 
both the ease of reduction by and the site of electron transfer 
from the succinoxidase system. It is noteworthy that the oxida- 
tion-reduction potential of BT is 300 mv more positive than 
that of TPT (32). On the other hand, with a 10-mv difference 
between BT and NT, the latter reagent is more rapidly reduced 
by the enzyme system. Possibly, steric factors due to the 
methoxy groups in BT are responsible for this result. INT 
with an oxidation-reduction potential equal to —90 mv (82) is 
reduced after cytochrome 6 (E»’ = 0.0 v), whereas BT and NT 
which are, respectively, 70 and 80 mv more negative than INT, 
are not reduced significantly until the electrons have been passed 
to cytochrome oxidase (Eo’ = +280 mv) (25, 47, 48-53). Even 
though cytochrome oxidase in the reduced state transfers its 
electrons to BT and NT anaerobically, it also does so in the 
presence of oxygen. Although our evidence is indirect, Oda et al. 
(54) claimed to have shown this electron transfer to NT in his 
tochemical preparations, using cytochrome c as substrate and 
p-phenylenediamine to keep this cytochrome in the reduced 
state. Without cytochrome oxidase, no tetrazolium reduction 
was obtained. Apparently cytochrome oxidase is an enzyme 
capable of transferring electrons to tetrazolium salts as well as 
to oxygen. 


SUMMARY 


The sites of electron transfer from the succinoxidase system 
to six commonly used tetrazolium salts have been demonstrated. 
The various points along the respiratory chain were tested by 
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the use of purified soluble succinic dehydrogenase, inhibition by 
antimycin A, removal of cytochrome c, inhibition with cyanide 
of cytochrome oxidase, and anaerobiosis. Homogenates were 

selected for study of the disrupted system, and tissue sections 
prov ided a means of testing the intact enzyme system. 

Three tetrazolium salts lacking nitro substituents, 2,3, 5-tri- 
phenyl tetrazolium chloride, 2,2’,5,5’ -tetraphenyl-3,3’ -(3,3’- 
dimethoxy-4,4’-biphenylene) ditetrazolium chloride, and 2,2’, - 
5.5'-tetraphenyl-3 ,3’-(p-biphenylene) ditetrazolium chloride, 
were found to receive all of their electrons [2,3,5-tripheny]! 
tetrazolium chloride and 2,2’,5,5’-tetraphenyl-3 ,3’-(3 ,3’-di- 
methoxy-4,4’-biphenylene) ditetrazolium chloride] or nearly all 
(2,2’,5,5’ - tetraphenyl - 3,3’ - (p-biphenylene) ditetrazolium 
chloride] from reduced cytochrome oxidase. Two of three nitro- 
substituted tetrazolium salts, 2-p-nitropheny]-3-p-iodopheny1-5- 
phenyltetrazolium chloride and 2,2’-di-p-nitrophenyl-5 , 5’-di- 
phenyl -3,3’-(3, 3’-dimethoxy -4,4’-biphenylene) ditetrazolium 
chloride reacted before the antimycin A-sensitive factor, pre- 
sumably after cytochrome b. The other tetrazole, 2 ,2’-diphenyl- 
5,5’-di-m-nitrophenyl-3 ,3’-(p-biphenylene) ditetrazolium chlo- 
ride, reacted to a slight extent both before and after this factor, 
but mainly at cytochrome c. Since the use of different tetra- 
wlium salts for the assay of the succinoxidase system may yield 
findings which appear to be contradictory, the results will be 
easier to understand if the site of reaction in the electron trans- 
port chain is taken into consideration. 
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As part of a continuing study of the quantitative distribution 
of biochemically significant substances and activities in the 
separate zones of the adrenal gland in various functional states, 
the present report deals with pyridine nucleotides. In addition 
to other coenzyme functions, the pyridine nucleotides are in- 
volved in the hydroxylation of steroids in the adrenal (1, 2). 
Total oxidized and total reduced pyridine nucleotides were de- 
termined fluorometrically in microtome sections of rat adrenal, 
and data were related to protein-nitrogen content. The values 
from different adrenal zones were subjected to a four-way analy- 
sis of variance. Effects of subcutaneous injection of ACTH 3 
hours before sacrifice were also observed. Incidental to this 
work, the adaptor of Lowry et al. (3) for use of small volume 
sample tubes with the Farrand fluorometer (model A) was modi- 
fied in some details for greater convenience, and the fluorometer 
was modified to eliminate use of batteries. The analytical pro- 
cedure of Lowry et al. (4) for PN and PNH! was applied with 
changes necessitated by the problem at hand. 


EXPERIMENTAL PROCEDURE 


Adrenal glands were obtained as described by Greenberg and 
Gliek (5) from male albino rats (Sprague-Dawley) weighing 300 
to 400 g, approximately 3 months old, purchased from Holtzman 
Company, Madison, Wisconsin. The animals were fed Purina 
fox chow and tap water ad libitum. As in previous work (6) 
they were. housed in a constant climate room (25.5° + 1°, 30 to 
50% relative humidity) with controlled illumination (lights on 
at 6:00 a.m., off at 6:00 p.m.) and instantaneous death was in- 
flicted by a single hammer blow on the head at noon + 15 min- 
utes. ACTH (25 mg per kg) in 1 ml of 0.85% sodium chloride 
solution was administered subcutaneously 3 hours before killing 
some of the animals. No difference in PN values was observed 
between controls from untreated rats and from those that re- 
ceived a subcutaneous injection of 1 ml of NaCl solution. 

Fresh frozen microtome sections (2.3 mm diameter, 16 yu thick, 
0.069 ul volume) were cut serially in a cryostat cabinet at —15° 
and handled as described previously (7). One section was 
brushed flat on an albuminized glass slide for histological exami- 


* This investigation was supported by Research Grants H2028 
and RG3911, from the National Institutes of Health, United 
States Public Health Service; and by a research grant from the 
Louis W. and Maud Hill Family Foundation. 

1 Abbreviations used are: PN and PNH, total oxidized and re- 
duced pyridine nucleotides, respectively; ACTH, adrenocortico- 
tropic hormone. 


nation after staining with toluidene blue (8), the next 3 sections 
were placed in a reaction tube for pyridine nucleotide analysis, 
and the following section was placed in another tube for protein- 
nitrogen analysis (9). This sequence was followed through the 
entire cortex and into the medulla of the adrenal. 


Measurement of Pyridine Nucleotides 


Pyridine nucleotides were determined by a procedure based on 
that of Lowry et al. (4), which utilizes tissue extracts prepared 
by an adaptation of the method of Greengard et al. (10). Itis 
possible to analyze both PN and PNH in the same extract (Tris 
buffer, pH 8.2) with minimal loss of PN, even though the solu- 
tion is alkaline; however, in the present procedure separate sam- 
ples for analysis of PNH (extracted with Tris buffer, pH 8.2) 
and of PN (extracted with trichloroacetic acid) were used. In 
addition to its functions as a protein precipitant and nucleotide 
extractant, trichloroacetic acid performed as well as hydrochlorie 
acid in the destruction of PNH and yielded higher fluorescence 
values. Use of trichloroacetic acid was originally planned for 
utilization of the precipitate for protein analysis. However, in 
this study it proved advantageous to use an adjacent tissue see- 
tion for protein determination in order to use the same method 
to obtain the sample for protein analysis in both the PN and 
PNH experiments. With the single extraction, a larger volume 
would be required to provide aliquots for both PN and PNH 
analysis with a consequent increase in tissue sample to six mi- 
crotome sections. This would lead to a further sacrifice in his 
tological definition. An alternative would be to use smaller 
volumes in the analyses, but this would require final measure 
ment on a smaller volume, which would lower the output of 
fluorescent light to a range near the limit of sensitivity of the 
fluorometer used. 

Apparatus—The microchemical equipment was that used in 
previous studies in this series, e.g. (11). Fluorometer tubes, 
6 mm outside and 4 mm inside diameters and 65 mm length, 
were made and an adaptor to hold these tubes in the carriage 
for the conventional larger tubes supplied with the Farrand 
fluorometer (model A) was constructed (Figs. 1 and 2). The 
adaptor differs in some details from that described by Lowry 
et al. (3) in that it utilizes the tube carriage provided with the 
fluorometer and has a vertical screw adjustment to permit align 
ment of the exit light slit with the photomultiplier tube. 

A Corning glass primary filter (No. 5860) with maximal trans 
mission of the 365 my mercury line, and a secondary Farrand 


2744 





Septem 


Fia. 
tube. 
Farran 


intert 


Th 
the u 


DINE 


ections 
nalysis, 
rotein- 
igh the 


ased on 
repared 
. ee 
et (Tris 
ne solu- 
te sam- 
9H. 8.2) 
ed. In 
cleotide 
ochlorie 
escence 
ned for 
ever, iD 
sue see: 
method 
PN and 
volume 
d PNH 
six mi 
» in his 
smaller 
1easure- 
tput of 
J of the 


used in 
r tubes, 
length, 
carriage 
Farrand 
)). The 
, Lowry 
vith the 
it align- 


al trans 
Farrand 





September 1960 L. J. Greenberg and D. Glick 2745 









aS 1 Si 
40: ' Pied te ee 


PTD ech 


Sree be Slee 


bed bi overs 5 SS ee! 





Fic. 1. Micro-adaptor for Farrand fluorometer. A, adjustment screw for aligning the emission slit with the photomultiplier 
tube. B, set screw for A. C, vertical adjustment screw for cuvettes. D, set screw for C. E, index key to lock the adaptor in the 
Farrand carriage. F, tube remover. 
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Fia. 2. Details of micro-adaptor for Farrand fluorometer 


interference filter with maximal transmission at 470 mu were Photovolt amplifier (model 520-M). The most sensitive range 

used. of the amplifier (<1 setting) was used throughout this study. 
The Farrand fluorometer (model A) was modified to eliminate The Farrand instrument employs a 1P21 photomultiplier tube 

the use of batteries and to increase the output signal by use of a _ which is the one for which the Photovolt amplifier is designed. 
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TABLE I 


Effects of epinephrine and norepinephrine on fluorescence derived 
from DPN* 

Stock solutions of DPN (14.3 ug/ml), epinephrine (40 ug/ml 
and 200 ug/ml), and norepinephrine (40 ug/ml and 200 wg/ml) all 
in 0.2 n trichloroacetic acid were used. Some DPN? stock solu- 
tion was diluted with the acid to 70% and to 40% of the original 
concentration. Portions of the 0.2 N acid, 5-ul, were pipetted into 
forty reaction tubes; 5-ul portions of one of the epinephrine stock 
solutions were dispensed into eight of these tubes and 5-ul portions 
of the other, into another eight of the tubes. The same procedure 
was followed for the norepinephrine solutions with the use of the 
remaining sixteen tubes. Aliquots, 10-ul, of the three DPN? solu- 
tions and of the 0.2 n acid were added to pairs of tubes containing 
the epinephrine and norepinephrine stock solutions. The fluores- 
cences developed by subjecting these samples to the PN analysis 
were recorded. 























Gal ¥ ter readi I 4 
i 2 ; 
DPN* (final conc. DPN* (cone, given) + | DPN* (conc. given) + 
»e/ml) : epinephrine (final conc.,| norepinephrine (final 
DPN* ue /ml) conc., «g/ml) 

13.3 | 66.6 13.3 66.6 
9.5 100 100 140 100 113 
99 95 150 101 113 
6.7 73 67 110 65 79 
70 66 110 | 66 78 
eae 43 43 80 37 60 
46 42 86 40 55 
0.0 7 10 36 7 12 
7 10 36 | 8 12 














Procedure for PN—(a) Freeze 15 yl of 0.2 N trichloroacetic 
acid in the bottom of a reaction tube, 4 mm internal diameter, 
27 mm length. (6) Transfer three microtome sections of fresh 
frozen tissue on the tip of a stainless steel wire to the surface 
of the frozen acid. (c) Remove the tubes from the cryostat, 
cap them, and after the acid solution has melted, mix the con- 
tents. (d) Place the tubes in a boiling water bath for 15 sec 
and then in an ice bath for 2 min. (e) Mix for 30 see and cen- 
trifuge at 4000 x g for 2 min. (f) Transfer 10-yl aliquots to 
optically matched fluorometer tubes containing 15 yl of 10 N 
NaOH. (g) Cap and mix. (h) Allow to stand at room tem- 
perature for 1 hour. (i) Set the galvanometer to 90 with a 
standard quinine solution, 0.0134 wg per ml in 0.1 N H.SOx. 
(j) Add 100 ul of distilled water to each tube, mix and measure 
the fluorescence. (k) Run simultaneous blank measurements 
in which the sample is omitted. (J) Construct standard curves 
from measurements of 10-u] samples of DPN solution (1.4 to 
14 wg per ml) subjected to the same treatment as the unknowns. 

Procedure for PNH—(a) Freeze 15 ul of 0.05 m Tris buffer pH 
8.22 in the bottom of a reaction tube. (b-e) Same as for PN. 
(f) Transfer 10-ul aliquots of the clear supernatants into reaction 
tubes containing 10 ul of 0.07 N NaOH. (g) Cap, mix, and hold 
at 60° for 15 min. (h) Transfer 10-yl aliquots of the clear super- 
natants into reaction tubes containing 15 ul of 0.015% H.O:- in 
10 n NaOH. (i) Cap, mix, and let stand at room temperature 
for 1 hour. (j) Add 100 yl of distilled water to each tube, mix, 
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TABLE II 


Effects of epinephrine ad norepinephrine on fluorescence 
derived from TPNH 


Stock solutions of TPNH (24 ug/ml), epinephrine and norepj. 
nephrine (same as in Table I) all in 0.03 n NaOH were used. 
Some TPNH stock solution was diluted with the 0.03 NaOH t 
70, 40, and 10% of the original concentration. Aliquots, 5-yl, of 
0.03 n NaOH were pipetted into fifty reaction tubes and the epj. 
nephrine and norepinephrine solutions were dispensed as befor 
(Table I). The fluorescences developed by subjecting these sam. 
ples to PNH analysis were recorded. 





———_ 


Galvanometer readings 














TPNH (final TPNH (conc. given) + | TPNH (conc. given) + 
conc., ug/ml) epinephrine (final conc., | norepinephrine (final 
TPNH ug/ml) conc., 4g/ml) 
13.3 66.6 13.3 66.6 
16 84 a ae 73 75 
83 80 81 75 75 
11.2 59 51 | 62 | 47 47 
61 59 | 54 48 47 
6.4 40 40 | 41 39 37 
43 40 | 40 | 36 Ny 
1.6 15 ee ee 16 ral 
15 17 17 15 16. 
| | 
0.0 7 10 10 10 10 
7 10 | 10 | 9 10 








and measure the fluorescence. (k-l) Same as for PN but stand- 
ard curve constructed from measurements of 10-ul samples of 
TPNH solution (1.5 to 15 ug per ml). 


RESULTS 


Interfering Substances—As Lowry et al. (4) indicated, most 
substances that might interfere occur in concentrations in tissues 
that do not disturb the measurement of the oxidized nucleotides; 
however, if interference is present it can often be eliminated by 
dilution. In dealing with the adrenal medulla one has to con- 
sider possible fluorescence from catechol amines. Effects of epi- 
nephrine and norepinephrine on the fluorescence are given in 
Tables I and II. It is apparent that in a concentration of 133 
ug per ml the catechol amines made little contribution to nucleo- 
tide fluorescence, the differences noted being in general, within 
the experimental variation. When the concentration of catechol 
amine was 66.6 ug per ml, there was also little effect on TPNH 
fluorescence, but that of DPN was increased. Minimal or lack 
of interference with reduced nucleotides would be expected, from 
the fact that catechol amines are rapidly destroyed in weak al- 
kali. 

From Fig. 3 it is apparent that the profile of PNH distribu- 
tion shows a slight peak in the fascicular zone of the contro 
adrenals, but otherwise remains fairly constant throughout the 
gland. The PN concentration, however, is significantly elevated 
in the glomerulosa and declines in the reticularis. The medullary 
values for PN are falsely high, due to the presence of catechol 
amines. The values for PNH in medulla are reliable. The 
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PYRIDINE NUCLEOTIDES IN 
RAT ADRENAL 


G F(t FR AM My, 
UNTREATED / 


TOF - PN(5) , 
+ PNH(5) / 


3HRS. AFTER 25mg. / 

SOF AcTH/kg,sc. ’ i 
-e PN(5) ! 

50} -& PNH(5) Ps 





80 


40 ; J) 4 


mug Nucleotide /ug Protein-Nitrogen 














02 04 06 08 10 12 
mm. from Surface 


Fic. 3. Quantitative histochemical distribution of PN and 
PNH (expressed in millimicrograms) in adrenal glands of male 
"* 4 rats killed at noon. Three microtome sections, 2.3 mm 

er, 16 uw thick, total volume 0.21 ul, were used for each 
tide analysis. The vertical bars represent one standard 

.vr of the difference between means. The numbers in paren- 
theses indicate the number of adrenals used to obtain the com- 
posite data. Regions marked G, F, R and M denote, respectively, 
glomerulosa, fasciculata, reticularis, and medulla; mixed zones are 
designated by both letters. Broken lines in the oxidized nucleotide 
curves represent values comprised of indeterminate concentra- 
tions of both oxidized nucleotides and catechol amines. 


elevation resulting from ACTH treatment follows the same 
general profile of distribution as that in the controls, with some- 
what greater influence in the reticularis. Mean PNH values 
are not significantly influenced. 

It can be seen from Table III that the elevation in PN con- 
centrations throughout the cortex, as a result of the ACTH 
treatment, is statistically significant. The most pronounced 
effect occurs in reticularis, and probably the effect is also present 
in the medulla. In contrast to its effect on PN concentration, 
the ACTH treatment did not significantly alter adrenal PNH 
concentration (Table IV). The statistical treatment of the data 
followed a four-way analysis of variance calculated according 
to Cochran and Cox (12). 


DISCUSSION 


The observation that total PN occurs in higher concentrations 
than total PNH in rat adrenal, is in agreement with data of 
Glock and McLean (13). These workers found that, in a wide 
variety of tissues, the concentration of DPN* greatly exceeded 
that of DPNH, although TPNH occurred in higher concentra- 
tions TPN+. The concentration of the combined TPN* and 
TPNH was found to be less than that of either DPN*+ or DPNH 
alone. It is apparent from the present data that PN occurs in 
maximal concentrations in the glomerulosa, whereas PNH is 
rather uniformly distributed throughout the gland. 

The fact that administration of ACTH elevated PN concen- 
trations, may be related to other events in adrenal metabolism 
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which are linked to this hormone; e.g. the rapid incorporation 
of C'-acetate into adrenal cholesterol (14, 15) and depletion of 
the cholesterol (16-18) after ACTH stimulation. These findings 
probably fit into the pattern of the increase in enzymic 11-6- 
hydroxylation in human adrenal from patients who received 
ACTH before adrenalectomy (19, 20), and the increase in corti- 
costeroid production by rat adrenal (21) following addition of 
ACTH in vitro. Recently Stachenko and Giroud (22) demon- 
strated 11-6-hydroxylation by samples from the fascicular-re- 
ticular and glomerular zones of the bovine adrenal. It may 
appear odd that ACTH, which does not seem to exert a physio- 
logical influence on the glomerulosa, still causes the same increase 
of PN in this zone as in the others; at present, there is no ob- 
vious explanation for this. 

Since the adrenal PN concentrations exceed those of PNH, 


TaBLeE III 


PN concentration in rat adrenal and influence of ACTH 
(mug per ug protein nitrogen)* 


The values given in Tables III and IV have been obtained in 
the following manner: Twenty rats were separated into four equal 
groups. Two groups were given ACTH and two groups were used 
as controls. One control and one ACTH group were used for PN 
analysis and the remaining groups for PNH analysis. G, F, R, 
and M refer to glomerulosa, fasciculata, reticularis, and medulla, 
respectively. Sections containing two zones were designated by 
two letters. ACTH treatment: 25 mg/kg body weight, injected 
subcutaneously 3 hours before sacrifice. 

















Zone ACTH Control Difference Sipificance KY 
‘GF 39 29 10 0.06 

F 33 23 10 0.06 
FR 29 | 18 ll 0.04 

R 33 18 15 0.006 

Mean 33.5 22 11.5 0.003 

RM 59T 32T 27t 

M 76t | 38T 38T 














* Each value is mean of analyses on five adrenals, one (left 
gland) from each rat. 
+ False-high values from the presence of catechol amines. 


TaBLeE IV 


PNH concentration in rat adrenal and influence of ACTH 
(mug per ug protein nitrogen)* 

















Zone ACTH | Control Difference =. by 
iF 14 | 9 5 0.33 
F 16 Poy 1 0.6 
FR 13 12 1 0.6 
R ea eas 3 0.6 
RM 21 Lae 7 0.18 
M 17 | 14 3 0.6 
Mean 16 | 12.6 3.4 0.33 














* Each value is mean of analyses on five adrenals, one (left 
gland) from each rat. 
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there are two possibilities. Either the PNH is utilized more 
rapidly or it is produced more slowly. One route of utilization 
is the need of TPNH in 11-6-hydroxylation (1, 2), and this may 
be a factor in depressing the PNH concentration. TPN* can 
provide TPNH by reactions such as: fumarate — malate, mal- 
ate + TPN+ — pyruvate + CO. + TPNH, and glucose 6-phos- 
phate + TPN*+ — 6-phosphogluconate + TPNH, which were 
also studied in adrenal cortex, e.g. Grant (23) and Koritz and 
Péron (24), respectively. 

Glick and Greenberg (6) found maximal activity of the suc- 
cinic dehydrogenase system in the reticularis of the rat adrenal, 
and treatment of rats with ACTH caused no significant change 
in the activity in any zone, although hypophysectomy resulted 
in reduced activity in reticularis. At the present time, there is 
not sufficient evidence to relate these data to nucleotide distri- 
bution and change, but it might be supposed that conversion of 
PN to PNH in the oxidative metabolism results in the lower 
PN concentrations observed in the reticularis. 


SUMMARY 


1. The quantitative histological distribution of oxidized and 
reduced pyridine nucleotides was measured fluorometrically in 
adrenals of control rats, and of rats injected subcutaneously 
with adrenocorticotropic hormone (25 mg per kg) 3 hours before 
being killed. 

2. Maximal concentrations of oxidized pyridine nucleotides 
per unit protein nitrogen occurred in the glomerulosa, and re- 
duced pyridine nucleotides were uniformly distributed through- 
out the gland. Administration of adrenocorticotropic hormone 
resulted in significant increases in oxidized pyridine nucleotide 
concentrations in all zones, but it was without demonstrable 
effect on reduced pyridine nucleotide levels. The data were 
subjected to a four-way analysis of variance. 


Acknowledgment—The authors are indebted to Miss Gloria 
J. Punsalan for technical assistance and to Richard B. McHugh 
for statistical analysis. 


Histochemical Distribution of Adrenal Pyridine Nucleotides 


—_ 


10. 


11. 
12. 


13. 
14. 
15. 


16. 


17. 


18. 
19. 


21. 


22. 


Vol. 235, No.9 


REFERENCES 


. Brownie, A. C., anp Grant, J. K., Biochem. J., 62, 29 (1956), 
. Sweat, M. L., anp Lipscoms, M. D., J. Am. Chem. Soc., 7, 


5185 (1955). 


. Lowry, O. H., Roserts, N. R., Lemer, K. Y., Wu, M-L, 


AND Farr, A. L., J. Biol. Chem., 207, 1 (1954). 


. Lowry, O. H., Roperts, N. R., anp Kappnaan, J. 1., J. Biol, 


Chem., 224, 1047 (1957). 


. GreENBERG, L. J., and Guicx, D., Endocrinology, 63, 99 


(1958). 


. Guick, D., anp GREENBERG, L. J., Endocrinology, 68, 778 


(1958). 


. GrunBaum, B. W., Geary, J. R., Jr., anv Guick, D., J, 


Histochem. Cytochem., 4, 555 (1956). 


. Bann, R. C., ano Guick, D., J. Histochem. Cytochem., 2, 193 


(1954). 


. Nayyar, S. N., anp Guick, D., J. Histochem. Cytochem., 4, 


282 (1954). 

GREENGARD, P., Brink, F., Jk., anD CoLowick, S. P., J. Cell, 
Comp. Physiol., 44, 395 (1954). 

Guick, D., Chem. Eng. News, 31, 139 (1953). 

Cocuran, W. G., anp Cox, G. M., Experimental designs, 2nd 
Edition, John Wiley & Sons, Inc., New York, 1953, p. 306. 

Guock, G. E., anp McLean, P., Biochem. J., 61, 388 (1955). 

Buiocu, K., In G. Pincus (Editor), Recent progress hormone 
research, Vol. 6, Academic Press, Inc., New York, 1951, p. 
ait. 

ZAFFARONI, A., HECHTER, O., AND Pincus, G., J. Am. Chem. 
Soc., 78, 1390 (1951). 

Lone, C. N. H., In G. Pincus (Editor), Recent progress hor- 
mone research, Vol. 1, Academic Press, Inc, New York, 1947, 
p. 99. 

TEPPERMAN, J., TEPPERMAN, H. M., Patton, B. W., ann 
Ns, L. F., Endocrinology, 41, 356 (1947). 

Guick, D., anp Ocus, M. J., Endocrinology, 56, 285 (1955). 

Grant, J. K., Symineton, T., anp Duaui, W. P., J. Clin. 
Endocrinol. Metab., 17, 933 (1957). 


. Symineton, T., In D. H. Couuins (Editor), Modern trends in 


pathology, Butterworth and Company, Ltd., London, 1959, 
p. 265. 

Sarrran, M., anp Bay.iss, M. J., Endocrinology, 52, 140 
(1953). 

STACHENKO, J., AND Grroup, C. J. P., Endocrinology, 64, 78 
(1959). 


. Grant, J. K., Biochem. J., 64, 559 (1956). 
. Koritz, 8. B., anp P&ron, F. G., J. Biol. Chem., 280, 38 


(1958). 





TE Jou: 
Vol 


In th 
by wet 
Slyke-} 
Bernste 
which i 
techniq 
transfe1 
Sinex a 
by reac 
pired a 
blood, | 
reactio1 

At th 
tine cot 
transfer 
has, in 
comple 
ing pro 
the nin’ 
age of 1 
throug! 
transfer 
into the 
into th 
ing tub 


The 
Was & p 
for pur 

The 
Table | 
et al. ( 
gelatin 
istratio 
fractior 

The 
5 of Ts 
Burbar 
and cal 


ae 
Commi 


'. Cell. 


8, 2nd 
p. 306. 
55). 

rmone 
951, p. 


8s hor- 
c, 1947, 


.) AND 


3). 
r. Clin. 


ends in 
n, 1959, 


52, 140 
64, 730 





Tas JOURNAL OF BrioLocica, CHEMISTRY 
Vol. 235, No. 9, September 1960 
Printed in U.S.A. 


Determination of Carbon and Its Radioactivity 


III. TRANSFER OF SMALL SAMPLES OF CO, TO COUNTING TUBES* 


Donaup D. VAN SLYKE AND JOHN PLAZIN 


From the Medical Research Center, Brookhaven National Laboratory, Upton, New York 


(Received for publication, March 21, 1960) 


In the C“ method previously published (1, 2), CO2 obtained 
by wet combustion is first measured manometrically in a Van 
Slyke-Neill (3, 4) gas chamber, then transferred to an evacuated 
Bernstein-Ballentine (5) gas counting tube, the lower part of 
which is immersed in liquid nitrogen to condense the CO2. The 
technique for manometric measurement of CO, followed by 
transfer to a Bernstein-Ballentine tube has been applied also by 
Sinex and Van Slyke (6) to CO, evolved from carboxyl groups 
by reaction with ninhydrin (7), by Shreeve (8) to CO; from ex- 
pired air, by Coxon and Robinson (9) to CO, extracted from 
blood, by Hankes and Henderson (10) to CO, evolved by organic 
reactions. 

At the temperature of liquid nitrogen in the Bernstein-Ballen- 
tine counter tube the tension of COz2 is so nearly zero that the 
transfer of CO2 from the manometric chamber to the gas counter 
has, in work with milligram amounts of carbon, appeared to be 
complete. However, in application of the transfer and count- 
ing procedure to microgram amounts in a micro adaptation of 
the ninhydrin-CO, method for amino acids a significant percent- 
age of the CO, measured in the chamber failed to make its way 
through the connecting coils leading to the counting tube. The 
transfer was easily completed by washing the last traces of CO. 
into the counting tube with a few milliliters of methane admitted 
into the manometric chamber, then passed over into the count- 
ing tube. 


EXPERIMENTAL PROCEDURE 
Materials 


The L-lysine monochloride used in the experiment of Table | 
was a preparation obtained from Merck and Company and tested 
for purity by elementary analysis. 

The uniformly C-labeled lysine used in Series 1 and 2 of 
Table II were preparations obtained by the method of Moore 
eal. (11) for ion exchange chromatography from hydrolyzed 
gelatin prepared from rat skin collagen labeled in vivo by admin- 
istration of C-lysine. Series 1 and 2 were from two separate 
fractions. 

The C™-carboxyl-labeled benzoic acid used in Series 3, 4, and 
5 of Table II was obtained from Isotopes Specialties Company, 
Burbank, California, and was tested for purity by melting point 
and carbon combustions. 


* This work was supported by the United States Atomic Energy 
Commission and by Eli Lilly Company. 


Methods 


Microdetermination of Carboxyl Carbon of Lysine—For micro 
amounts of carboxyl carbon (below 30 ug, Table I, and Series 
1, Table Il) the procedure of Van Slyke et al. (7) was followed, 
with modifications to adapt it to smaller samples. In this 
method the CO, of the carboxyl groups of a-amino acids is 
evolved by reaction with ninhydrin:RCH(NH.)COOH — 
RCHO + NH; + COs. The reaction is carried out at 100° in a 
reaction vessel consisting of a modified Thunberg tube (12). 
The CO, is transferred to 0.5 N sodium hydroxide solution in 
the chamber of a Van Slyke-Neill (3) manometric apparatus, 
where the absorbed CO, is set free under reduced pressure by 
addition of acid and measured by the pressure exerted. 

In the present micro modification the apparatus is modified by 
reducing the size of the manometric chamber and the reaction 
vessel. The 50-ml Van Slyke-Neill manometric chamber (3, 7) 
is replaced by the 10-ml chamber shown in Fig. 1, in which the 
pressure readings can be made with the gas at a volume of 0.1 
or 0.2 ml. In the analyses here reported all readings were made 
with the gas at the 0.1-ml mark, the calibration of which was 
98.8 ul. Fora reaction vessel the 15-ml glass-stoppered tube of 
Hamilton and Van Slyke (12) was shortened, without changing its 


TABLE I 
Determination of microgram quantities of carboryl carbon 
in a standard lysine solution, 0.38174 mg of lysine 
monohydrochloride per ml 

















Poo: bona | Temperature Factor* Carboxyl carbon 
os, 

mm | “g 
320.8 23.5° 0.06533 20.96 
313.4 23.3° 0.06538 20.49 
322.3 | 23.4° 0.06536 21.06 

NOU os 5.3 so ce ch cc ee te eae ee 20.86 








* The factors used for calculating ug of carboxyl carbon from 
mm of CO: pressure are 1000 times those calculated for mg of 
carbon by Equation 1 of Van Slyke and Folch (14) with S = 0.4 
ml, A = 10 ml, a’ (depressed by saturation of reagents with 
NaCl) = 0.30 X a’ for CO, in water, andi = 1.010. For gas 
volume a = 0.100 ml, the factors calculated are: 15°, 0.06836; 20°, 
0.06704; 25°, 0.06574; 30°, 0.06452; 34°, 0.06358. Intermediate fac- 
tors can be obtained accurately by linear interpolation. For the 
micro chamber used in the analyses of Table I and Series 1, Table 
II, with gas volume a = 0.0988 ml, the above factors for a = 0.1 
ml are multiplied by 98.8/100.0. 
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TABLE II the ord 
Effect of methane washing on transfer of varying amounts of C'*-labeled CO from manometric chamber to gas counter conseqt 
he con 
| Analyses without methane | Analyses with methane Amount ern f 
Seri a ET bated we 0 priese Coe! | 5 were 
No C* substance analyzed | sien: ti a . c “CO; ving etic me pl Ratio* obtained eslian: 
evolved as | C™ counted | evolved | C™ counted methane Cour 
CO: as COz washing 
See AS ae | more h 
mg ml | mg la. p.m./mg C | mg d.p.m./mg. C mg CP used W 
1 Lysine* 0.0234 to 0.0240 Ninhydrin 10 | 0.0238 25,700 | 0.0239 | 35,100 Tran 
| 0.0240 20,300 | 0.0234 | 35,900 measut 
0.0239 28,800 | 0.0237 | 34,700 
ee “ _ Ballent 
| Average | 24,900 | 35,200 | 0.707 | 0.007 | 28° & 
| on abe, throug! 
2 Lysine® 0.186 to 0.189 Ninhydrin 50 | 0.188 | 32,260 | 0.186 | 33,800 metric 
| 0.188 | 30,900 | 0.190 | 31,750 sists of 
0.187 | 31,300 | 0.189 33 , 220 freeze | 
| “ from t 
| Average | 31,490 ie 32,920 0.955 | 0.0088 § stein-B 
Sgt: erm 7 es the ter 
3 Benzoic acid? 0.182 to 0.268 Combustion 50 0.2080 | 1,860 0 0.2140 1,950 vapor ] 
| 0.2682 | 1 ,880 | 0.1825 2,024 Before 
| 0.1998 1,842 | 0.2105 2,142 
ve ate 7 to con! 
| nieniga 10861 | 2,039 | 0.913 | 0.0186 f 2e eve 
eer. 4 these « 
4 Benzoic acid¢ 1.60 to 1.72 Combustion 50 =| 1.719 1,978 | 1.650 2,082 amoun 
| 1.663 1,999 | 1.604 2,032 plete wv 
st | 1.665 1,950 1.699 1,984 This 
Ae (ask Ses II mar 
| Average | 1,976 | 2,033 | 0.972 | 0.0470 | In ¢ 
5 Benzoic acid? | 2.20 to 2.98 Combustion 50 2.522 | 2027 | 2.477 2,105 | 
| | 2.380 | 2,004 | 2.538 | 2,061 a 
| 2.982 | 1,977 | 2.197 2,038 t e cou 
TSS rien Ree 2 the sid 
| | Average | 2,033 | 2,068 | 0.983 | 0.0430 — of met 
a | ee oe about | 
@ The ratio, C" activity without methane washing to activity with washing, indicates the fraction of CO. transferred to the counter | chamb 
without methane washing. into tl 
> Calculated as (mean mg of carbon in series) X (1 — ratio). chamb 
¢ The lysine samples of Series 1 and 2 were aliquot portions from two solutions of different specific activities. partial 
4 The benzoic acid samples were all from one preparation of C“OOH benzoic acid. All benzoic acid samples were of different size ane to 
(see text under ‘Combustion of C-labeled Benzoic Acid’’). throug 
d.p.m. = disintegrations per minute. che 
not be 
diameter, so that its volume was decreased to approximately 5 termined by ejecting the CO2 gas and taking the manometer | ‘ooled 
ml. reading with the chamber gas-free. The accuracy of the pro | the cor 
In the microdeterminations of carboxyl carbon of lysine, de- cedure is indicated by Table I. The 
carboxylation was accomplished by heating at 100° for 20 min- Combustion of C-labeled Benzoic Acid—The wet combustion } nected, 
utes in a solution of 1 m phosphoric acid containing 20 mg of of benzoic acid by chromic-iodic acid mixture and manometric | Pressul 
ninhydrin per ml, the volume of the solution being 1 or 2 ml. measurement of the COz by the Van Slyke-Folch procedure, in } ture fo 
The conditions of pH, ninhydrin concentration, and time are preparation for counting of the COs, were carried out as pre 
those found to give quantitative decarboxylation of lysine (7). viously described (1). Van Slyke and Folch (13) showed that 
The CO, was transferred to 0.2 ml of salt-saturated 0.5 N benzoic acid gives quantitative yields of COs. The 
sodium hydroxide in the chamber (Fig. 1), dissolved air in the The benzoic acid samples in Series 3 and 4 of Table IT wer § fractio 
solution was extracted and ejected, the CO: in solution was set obtained by measuring 1- and 3-ml portions, respectively, from | withou 
free by addition of 0.2 ml of air-free salt-saturated (12) lactic a water solution containing 1.164 mg of benzoic acid per ml, into | absolu 
acid, and was measured by the pressure exerted when the gas combustion tubes, as described for analysis of nonvolatile solutes } after b 
was brought to the 0.1-ml mark. The use of air-free reagents by Van Slyke and Folch (14, p. 519), and evaporating the solu | The 
obviated the necessity of a final reabsorption of the CO. to de- _ tions to dryness in an evacuated desiccator. Unexpectedly ben § Unless 
termine the zero pressure point on the manometer; it was de- zoic acid, thus deposited in a film, sublimed so that amounts d § total C 
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the order of 0.8 to 1.0 mg of the substance left each tube. In 
consequence, instead of yields of 0.80 and 2.40 mg of carbon in 
the combustions of Series 3 and 4, respectively, the much smaller 
yields given in the table were obtained. The analyses of Series 
5 were done on separate weighed samples, and the yields of 
carbon were theoretical within +0.3%. 

Counting was continued in all analyses until 30,000 counts or 
more had been registered. The background counts of the tubes 
used were 60 to 80 c.p.m. 

Transfer of C'%O, to the Bernstein-Ballentine Gas Counter—After 
measurement of the COs, it was transferred to the Bernstein- 
Ballentine gas counter as described by Van Slyke et al. (1). 
The gas counter, of approximately 100-ml volume, is connected 
through the chamber cup of either the 50 ml or the 10-ml mano- 
metric chamber by a glass connecting tube, part of which con- 
sists of a coil immersed in a mixture of solid CO, and alcohol to 
freeze out the water vapor that accompanies the CO, coming 
from the manometric chamber. The lower half of the Bern- 
stein-Ballentine counting tube is immersed in liquid nitrogen, at 
the temperature of which CO: is condensed to a solid with a 
vapor pressure that has been previously assumed to be negligible. 
Before opening the cock of the manometric chamber (Fig. 1) 
to connect with the counter, the counter and connecting tube 
are evacuated to a pressure below 0.3 mm of mercury. Under 
these conditions transfer of CO. from chamber to counter, in 
amounts of 2 or 3 mg of CO:z carbon, has been shown to be com- 
plete within measurable limits in about 2 minutes (1). 

This procedure was used, unchanged, in the analyses of Table 
II marked ‘“‘without methane washing.” 

In the analyses marked “with methane washing,” after the 
usual transfer had been completed, the cock of the manometric 
chamber was closed, without disconnecting the tube leading to 
the counter, and methane was admitted into the chamber through 
the side tube of the 3-way cock shown in Fig. 1. The amount 
of methane admitted, observed at barometric pressure, was 
about 10 ml in the 50-ml chamber and about 7 ml in the 10-ml 
chamber. The methane in the chamber was then passed over 
into the gas counter by turning the chamber cock so that 
chamber and counter were reconnected. The cock was only 
partially opened, so that about a minute was taken for the meth- 
ane to pass out of the manometric chamber. If the passage 
through the connecting tube were too rapid, the removal of 
water vapor by the coil immersed in Dry Ice and alcohol might 
not be complete. The methane was condensed in the nitrogen- 
cooled counter, so that all of the methane gas was swept through 
the connecting tube into the counter. 

The counter was then, as previously described (1), discon- 
nected, brought to room temperature, and filled to atmospheric 
pressure with additional dry methane to provide the gas mix- 
ture for proportional counting. 


DISCUSSION 


The next to last column of Table II indicates the average 
fraction of COz in each series that passed into the counting tubes 
without the methane washing. The last column indicates the 
absolute amounts of trapped CO, that reached the counter only 
after being washed through with methane. 

The proportion of CO, that was trapped in the connecting coil 
unless washed through with methane was only 1 to 3% when 
total CO. carbon was 3 to 1 mg (Series 4 and 5, Table IT), but in 


D. D. Van Slyke and J. Plazin 
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Fic. 1. Micromanometric chamber for ninhydrin-CO,. deter- 
mination of carboxyl-COz of a-amino acids. 


the microanalyses with 24 wg of carbon (Table II, Series 1) it 
averaged 29% (next to last column, Table II). 

The cause of the trapping of CO: in the connecting coil is not 
entirely clear. If it were due entirely to a CO: tension signifi- 
cant at the temperature of liquid nitrogen one would expect the 
amount trapped to be independent of the absolute amount of 
COz in the system. This relation is approximated in Series 1 and 
2 of Table II; increasing the amount of CO: 8-fold increased the 
average trapped CO: carbon only from 7.0 to 8.8 ug. However, 
when the total amount of CO: was increased in Series 4 and 5 to 
the order of 100-fold of that in Series 1 there was an approxi- 
mately 7-fold increase in trapped COs, indicating another factor, 
perhaps a lag in diffusion time of the attenuated CO, through 
the coil. 

Since the combination of manometric measurement and gas 
counting of C“O, has been previously applied chiefly to amounts 
of carbon in the ranges of Series 4 and 5 of Table II, it does not 
seem that any results obtained with the procedure are likely to 
be invalidated. However, the data indicate that addition of the 
methane washing to the procedure is advisable even when the 
amounts of carbon are in the 1- to 3-mg range. 

The procedure of roughly measuring in the manometric cham- 
ber the volume of methane used for the washing, rather than using 
an unmeasured amount admitted through a 3-way cock in the 
tube connecting chamber and counter, is essential. The methane 
is condensed in the nitrogen-cooled 100-ml counter, and if more 
than enough were condensed to give atmospheric pressure at 
room temperature it might burst the counter when brought to 
that temperature. 

The probability that the methane washing gave complete 
transfer of CO, to the counter tube is indicated by the results of 
Table II showing: (a) that the washing increased the measured 
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specific activity to a relatively constant figure in each series, the 
effect being most marked in Series 1 where the amount of CO, 
was least, and (b) that samples of benzoic acid varying in size 
by a factor of 10 gave the same specific activity when transfer 
to the counter was completed with the methane washing. 


SUMMARY 


A micromanometric modification of the ninhydrin-CO, method 
for determining carboxyl CO, of a-amino acids is described, 
together with transfer of the CO, to a Bernstein-Ballentine gas 
counter for counting C“O,. The procedure serves for amounts 
of carboxyl carbon in the range 10 to 30 ug. 

When CO; is transferred from a manometric chamber to a gas 
counter, as described by Van Slyke, Steele, and Plazin, a small 
amount of CO:, sufficient to be significant when the sample is 
less than 2 mg of carbon, may be trapped in the connecting tube 
between the manometric chamber and the counter. The trapped 
CO: can be quantitatively washed into the counter by a few 
milliliters of methane admitted into the manometric chamber 
after the usual transfer operation. 


Gas Counting of Small Amounts of CO. 


10. 
11. 
12. 
13. 
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Actinomycete Antibiotics 


I. THE BIOLOGICAL INCORPORATION OF 
PROPIONATE INTO THE MACROCYCLIC 
LACTONE OF ERYTHROMYCIN* 


Joun W. Corcoran,t Tosut Kanepa, AND JoHN C. BuTTEe 


From the Department of Biochemistry, Western Reserve 
University, School of Medicine, Cleveland, Ohio 


(Received for publication, May 2, 1960) 


Erythronolide (Fig. 1, J), the macrocyclic aglycon of the com- 
plex antibiotic erythromycin (Fig. 1, JJ), is a unique example of 
a branched-chain, fatty acid made up entirely of repeating three 
carbon subunits (1). It has been proposed (2, 3) on structural 
grounds that propionate or its “biological equivalent” might be 
the precursor of such three carbon units. In contrast is the sug- 
gestion (4) that erythronolide may be formed from a chain of 
acetate units by the introduction of methyl groups from some 
one carbon source. This communication presents evidence to 
show that the Cs subunits in erythronolide are directly related to 
propionate. Vanek et al. (5), independently, have reported that 
propionate-1-C* is a good precursor of erythronolide, but degra- 
dations to establish the nature of the incorporation were not 
carried out. 
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Preliminary Communication 


isolated as a crystalline monobenzoy] derivative (6) after the 
addition of carrier, derives from 10 to 20% of its carbon from the 
substrate propionate-C“. Propionate seems to be a poor pre- 
cursor of the two sugars in erythromycin? (Fig. 1, JJJ and IV), 
and in this communication it is assumed that only erythronolide 
is labeled by propionate. In order to determine the C"*-labeling 
pattern in erythronolide, the erythromycin benzoate was oxidized 
with chromic acid according to the Kuhn-Roth procedure (7). 
Carbon dioxide was collected and the steam volatile acids pro- 
duced were fractionated by chromatography on a celite column 
(8). Propionic acid was isolated in addition to the expected ace- 
tic acid. The propionic acid comes from the terminal three car- 
bon subunit (C-13, -14, -15) of erythronolide, and its labeling 
pattern (Table I) shows that the substrate propionate is incorpo- 
rated intact into this unit without randomization of the carbon. 
If propionate labels erythronolide uniformly the terminal C; unit 
should contain one-seventh of the total activity observed in eryth- 
romycin. The C" activity of the propionates isolated from the 
degradations (Table I) is in reasonable agreement with the calcu- 
lated values for an individual subunit, and thus it would appear 
that the other C; units in erythronolide may be similar to the 
terminal three carbon unit. The lack of agreement between the 
calculated and observed values noticeable in the experiments 
with propionate-1- and -2-C™ is due in part to a technical error 
which was eliminated before the propionate-3-C™ experiment. 
The Kuhn-Roth oxidation of erythromycin benzoate should 
give carbon dioxide from the first position of each C; unit in 


' | 





III. Cladinose 


Washed cells of Streptomyces erythreus (Eli Lilly strain, C-233.1- 
Ky-3)! incorporate propionate-1-, -2-, and -3-C™ into erythromy- 
cin with remarkable efficiency in the presence of unlabeled glu- 
cose, tryptone, and inorganic salts. The erythromycin, which is 


* This study has been supported by a grant from the American 
Heart Association. 

} This work was done during tenure of an Established Investiga- 
torship of the American Heart Association. 

' We wish to thank Eli Lilly and Company for this culture and 
also for generous gifts of erythromycin. 
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IV. Desosamine 


Fig. 1. The structure of erythronolide and of erythromycin 


erythronolide and acetic acid from the other two positions. The 
carboxyl group of the acetic acid arises from the second position 
and the methyl group from the third or carbon bound methyl 
group. In addition three equivalents of acetic acid, eight of 
carbon dioxide, and one of dimethylamine should be produced by 
degradation of the sugars, cladinose (ITZ) and desosamine (IV). 
Considerable over-oxidation of the benzoate group in the deriva- 


2 S$. B. Taubman, G. W. Drach, and J. W. Corcoran, unpublished 
observations. 
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TABLE I 


Distribution of C'4 in propionate from Kuhn-Roth degradation 
of erythromycin produced from propionate-C'4 





Specific activity (d.p.m./mmole X 10-2) 





Kuhn-Roth propionate 
Substrate _— 




















Erythro- |Cs subunit l | 
mycin (calc.) b~ ~COOH —CH-—| —CHs 
b eal | (C-14) | (C-15) 

! | 
Propionate-1-C'*....| 20,400 | 2914 | 2000 | 2000} 13] 6 
Propionate-2-C™....| 19,400 | 2770 | 2000 15 | 1900 | 12 
Propionate-3-C%....| 3,300 470 460 13 | 11 480 





TABLE II 


Distribution of C'4 in carbon dioxide and acetic acid from Kuhn-Roth 
degradation of erythromycin produced from propionate-C'4 





Specific activity (d.p.m./mmole C X 1072) 











Substrate Acetic acid 
CO2 
—COOH | —CH: 
Propionate-1-C'*........... 869 | <1 | <1 
Propionate-2-C™........... 189 1560 | 9 
Propionate-3-C'........... 30 4 | 250 











tive also occurs. The carbon dioxide (Table II) contains all the 
C™ when propionate-1-C™ was the labeled substrate. The car- 
boxy] group of the acetic acid contains most of the C“ when pro- 
pionate-2-C™ was used and the methyl] position of the acetic acid 
is labeled when propionate-3-C“ was the substrate. No ran- 
domization of Cis observed in the acetic acid. Thus it appears 


that the substrate propionate-C™ is directly related to the first 
six C; subunits, just as it was in the case of the terminal subunit, 
and that no randomization of the propionate occurs during its 
incorporation into erythronolide. The small amount of actiy; 
which appears in the carbon dioxide when propionate-2- and 
-3-C™ were the substrates is probably due to some over-oxidation 
of erythronolide by the chromic acid. 

It is concluded that propionate or its “biological equivalent” 
is the precursor of the C; subunits. The fact that formate-cu 
and methionine-methyl-C" do not label the terminal subunit of 
erythronolide? is additional evidence for the conclusion that 
erythronolide is not made by the methylation of a preformed 
acetate polymer. The intermediates in the formation of eryth. 
ronolide from propionate must be asymmetric since there is po 
randomization of the C. Molecules such as propiony] coenzyme 
A, methyl malonyl coenzyme A, succinyl coenzyme A, and so on 
are being considered as direct precursors in the initial stage of 
erythronolide biogenesis. 
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Preliminary Communications 


Synthesis of Fatty Acids by 
Mitochondria* 

Sauin J. Waxit, L. W. McLain, Jr.,t anp J. B. WarsHawt 
From the Department of Biochemistry, and Center for Study 
of Aging, Duke University Medical Center, 
Durham, North Carolina 
(Received for publication, April 7, 1960) 


Recent evidence (1-3) shows that the synthesis of long chain 
fatty acids (mainly palmitic acid) from acetyl coenzyme A (CoA) 
in the presence of adenosine triphosphate, Mn++, HCO;-, and 
reduced triphosphopyridine nucleotide, is catalyzed by a soluble 
enzyme system derived from livers. The enzyme system was 
purified by Gibson e¢ al. (2) and Wakil and Ganguly (4) and the 
reaction was subfractionated into two distinct fractions. The 
first fraction (known as acetyl-CoA carboxylase) catalyzes the 
formation of malonyl-CoA by carboxylating acetyl-CoA’ in the 
presence of adenosine triphosphate, Mn**, whereas the second 
fraction (Reg-) catalyzes the conversion of malonyl-CoA to 
palmitate in the presence of reduced triphosphopyridine nucleo- 
tide. 

Available evidence indicates that this system is located in the 
cytoplasmic portion of the cell (a submicrosomal particle (5)) and 
it is not associated with the mitochondria or with the microsomes 
(1, 6). For this reason the designation “nonmitochondrial 
system” has been suggested for this system (5) to distinguish it 
from the reversal of the mitochondrial system for fatty acid 
oxidation. 

The synthesis of fatty acids via the reversal of 6-oxidation 
cycle was demonstrated by Seubert et al. (7) who showed that 
octanoyl-CoA and capryl-CoA were formed from hexanoyl-CoA 
and acetyl-CoA in the presence of DPNH, TPNH, thiolase, 
enoyl hydrase, 6-hydroxyacyl dehydrogenase, and TPNH-specific 
enoyl-CoA reductase (an enzyme that was discovered by Langdon 
(8) in 1955, and was extensively studied by Seubert et al. (7)). 
All of these enzymes are located in the mitochondria, hence the 
inference that mitochondria do carry on fatty acid synthesis via 
the 6-oxidation cycle. 

The present preliminary report describes the synthesis of long 
chain fatty acids from acetyl-CoA by mitochondrial enzymes. 
This system requires ATP and an unidentified cofactor and is 
independent of HCO;-. The later observation indicates that 
the pathway is significantly different from the nonmitochondrial 
system, whereas the requirement for ATP and a heat stable cofac- 
tor would not appear to be necessary for simple reversal of the 
mitochondrial 8-oxidation system (7), although a number of 
common intermediates and enzymes may be involved. Further- 
more, we fail to detect in the soluble enzyme preparations the 
TPNH-crotonyl-CoA reductase (using crotonyl CoA as sub- 
strate), a key enzyme in the reversal of 6-oxidation (7, 8). 


* Aided in part by grants from the National Institutes of 
Health, United States Public Health Service No. RG-6242 (c.) 
and No. RG-H-MH-A-B-5385 and the Center for the Study of 
Aging, Duke University. 

+ Research Trainee, Duke University Medical Center. 
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Fatty acid synthesis by mitochondria 


The reaction mixture contained 34.5 mumoles acetyl-CoA-1-C" 
(55,200 c.p.m.) 2 wmoles ATP, 0.25 umole TPNH, 0.25 umole 
DPNH, 2.8 mg of mitochondrial protein, 50 umoles phosphate (pH 
6.5), and H.O to a total volume of 0.5 ml. Four uhmoles KHCO; 
and 30 mymoles malonyl-CoA (HOOCCH:C“O-CoA, 70,000 
c.p.m.) were used where indicated. The reaction mixture was in- 
cubated anaerobically at 38° for 1 hour. 











Acetyl-CoA incorporated 
System into long chain fatty 
ach 
mymoles 

Ras. 4 tina 9.0 wesw a ee Ree 4.5 
eS nese Caress etc 2 0.3 
BUG I 5 << si'sibs oss BS Roe ek pee 2.4 
No: DPN «:.. ¢... .+.3.26.weenion, ieerelaek: am 2.0 
RO Fins ING! DPI nc oo sei-e Seve tans tie 0.0 
Complete system + HCO;-................. 3.0 
No acetyl-CoA + malonyl-CoA............ 2.4 
No acetyl-CoA + malonyl-CoA, without 

RPE? s wessdd. Ga. 4k elieie et ee 0.8 





When rat liver mitochondria were incubated anaerobically with 
C'“acetyl-CoA, TPNH, DPNH and ATP, long chain fatty acids 
were synthesized (cf. Table I). The conversion of acetyl-CoA 
to fatty acids was completely dependent upon the presence of 
ATP. In the presence of 2 umoles of ATP, 10 to 20% of the 
acetyl-CoA was converted to fatty acids. Both DPNH and 
TPNH were required for optimal activity. The addition of 
HCO;- did not affect synthesis, in contrast to the nonmito- 
chondrial system which is absolutely HCO;- dependent (2). 
Furthermore, C'-malonyl-CoA was only incorporated into fatty 
acids when ATP was present (cf. Table I); malonyl-CoA is 
known to be decarboxylated to acetyl-CoA by a mitochondrial 
enzyme (9) and it seems possible that this accounts for the 
utilization of malonyl-CoA in the presence of ATP. 

The addition of unlabeled acetate did not dilute the amount of 
radioactivity (as acetyl-CoA) incorporated into fatty acids; this 
suggests that the requirement for ATP does not reflect resyn- 
thesis of acetyl-CoA from acetate and CoA by the acetic thio- 
kinase reaction. 

The synthesized fatty acids were isolated by the procedure of 
Wakil et al. (1): they were separated and identified by two paper 
chromatographic systems, the reverse phase kerosene and acetic 
acid system of Kaufmann and Nitsch (10), and butanol and 
NH; system of Reid and Lederer (11). The major component 
of the synthesized fatty acids were stearic acid (40%) with 
palmitate (20%), myristate (20%), and laurate (20%) constitut- 
ing the remainder. This general distribution of the fatty acids 
was verified by gas chromatography.! The stearic acid which 
was formed from acetyl-CoA-1-C™ was isolated by the dilution 
technique and was recrystallized several times from various 


1 We are indebted to Dr. T. Rosett for this analysis. 
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TABLE II 
Fatty acid synthesis by soluble mitochondrial extract 


The complete system contained the same reagents indicated in 
Table I except that soluble extract (prepared by extracting the 
acetone powder of beef liver mitochondria with ten volumes of 0.1 
M potassium phosphate, pH 7.0 for 1 hour at 0°) containing 1 mg 
of protein was used instead of mitochondria and where indicated, 
0.02 umole of pyridoxal phosphate, 0.05 ml of boiled enzyme ex- 
tract (prepared by boiling the enzyme extract for 5 minutes at 
100°), and 0.15 ml of dialysate (prepared by dialyzing the enzyme 
against phosphate buffer and concentrating the dialysate to a vol- 
ume equivalent to the original extract), were added. 











Sytem i. 
mumoles 

Rs de 4.5 
Eb Soin d oy ne cy gales co's +. 0: 0.0 
Complete system with dialyzed enzyme.... .| 0.5 
Complete system with dialyzed enzyme + 

ESN re oer trea nay eres 2.1 
Complete system with dialyzed enzyme + 

I aro cs xsius tne desanvadowd ies 4.2 
Complete system with dialyzed enzyme + 

pyridoxalphosphate...................... 1.5 





solvents to a constant specific activity. On decarboxylation of 
the crystalline stearic acid by the procedure of Phares (12), the 
carbon dioxide obtained, which represents the carboxyl group of 
stearic acid had slightly over twice the specific activity, meas- 
ured as ¢.p.m. per umole of carbon, as that of the whole molecule. 
This would indicate a synthesis de novo of stearic acid from acetyl- 
CoA. However, the possibility of elongation of endogenous 


On the Mechanism of Dihydrothioctyl 
Dehydrogenase Reaction 


Rosert L. SEARLS AND D. R. SANADI 


From the Gerontology Branch, National Heart Institute, 
National Institutes of Health, Baltimore City 
Hospitals, Baltimore, Maryland 


(Received for publication, April 25, 1960) 


Recent work in our laboratory on the inhibition of the di- 
hydrothioctyl dehydrogenase reaction [DPNH + H+ + RS, 
= DPN+ + R(SH),] by arsenite or cadmium ions has led to 
the conclusion that, besides FAD, an enzyme-disulfide which 
on enzymatic reduction yields a vicinal dithiol grouping is in- 
volved in this reaction (1, 2). We now have evidence that the 
stable absorption peak associated with the partially reduced 
enzyme results from an interaction between the reduced flavin 
prosthetic group and the disulfide. 

Curves A and B in the upper part of Fig. 1 are the spectra 
of the dihydrothioctyl dehydrogenase (diaphorase) in the oxi- 
dized and partially reduced (by DPNH) state, respectively (3, 
4). The addition of 4 x 10-‘ m arsenite to the reduced enzyme 
caused instantaneous disappearance of the 530 my peak and 


Mechanism of Dihydrothioctyl Dehydrogenase Reaction 
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short chain fatty acids by the successive additions of acety| 
CoA, cannot be ruled out. 

Soluble extracts of acetone-powdered mitochondria wer 
prepared which synthesized the same general mixture of long 
chain fatty acids from acetyl CoA in the presence of the same 
reagents as the particulate system. When dialyzed against 
phosphate buffer, the extract lost activity as shown in Table I], 
Addition of boiled extract of the enzyme completely restored 
enzymatic activity. The boiled extract was not replaced by 
Mn**, Mg**, Fe**, Cut*+, cysteine, glutathione, lipoic acid, 
CTP, UTP, biotin, HCO;-, malonyl-CoA, butyryl-CoA, CoA, 
and cocarboxylase. Partial but not complete restoration of ac- 
tivity was obtained with pyridoxal phosphate, long known from 
nutritional evidence to be involved in the metabolism of fatty 
acids. 
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further decrease of the FAD absorption (Curve C). Curve D 
represents the spectrum after the addition of dithionite. Similar 
changes were obtained when 3 X 10-5 m Cd*+ was substituted 
for arsenite. 

The lower part of Fig. 1 shows the spectral changes when 
the flavoprotein is reduced from the opposite or physiological 
direction by a-ketoglutaric dehydrogenase (R—CO—COOH + 
CoA + flavoprotein — R—CO—CoA + CO, + flavoprotein 
H.). The partially reduced enzyme (Curve B) was obtained in 
this experiment by the addition of a-ketoglutaric dehydrogen- 
ase to the diaphorase solution (Curve A) which also contained 
a-ketoglutarate and CoA (4). Again, the 530 my peak disap- 
peared following the addition of arsenite, in this case with a 
concomitant return of the flavin (oxidized) spectrum. The 415 
mu peak (Curve B) and also the 320 my peak of the reduced 
enzyme were not affected by arsenite. The results were similar 
with Cd+* in place of arsenite. 

The scheme shown in Fig. 2 can be used as a working hy- 
pothesis to rationalize these spectroscopic observations, suppos- 
ing that the 530 my peak arises from a molecule identical with, 
or related to, intermediate II. Other workers (5, 6) have also 
proposed tentatively that a similar mechanism involving an 
—SH is operative. 

A possibly related model reaction between dihydrothioctate 
(1.8 X 10-* m) and riboflavin 5’-phosphate (15 x 10-* m) has 
been observed. When the mixture at pH 6.8 was read against 
an equal concentration of the flavin, a peak at 535 my appeared 
instantaneously. Additional peaks at 565 my and 880 my (7) 
developed on standing for 20 minutes and the mixture turned 
olive-green. The height of the 535 my peak was highly con- 
centration dependent and followed the kinetic relationship ob- 
served in the interaction between riboflavin 5’-phosphate and 
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tryptophan or serotonin (8). The electron paramagnetic reso- 
nance (EPR) spectrum showed no signal characteristic of free 
radicals immediately after mixing; however, a strong signal was 
observed after 15 minutes when the mixture had developed the 
green color. The dihydrothioctyl dehydrogenase showed no sig- 
nal either alone or when it was reduced with excess DPNH. 
The EPR spectral measurements were made in the laboratory 
of Dr. B. Chance. 
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An Interpretation of the Apparent 
Inversion of Antipodal Specificity 
of e-Chymotrypsin 
Euias 8. Awap, Hans NeuratTH, AND Brian S. Hartiey 


From the Department of Biochemistry, University of Washington, 
Seattle, Washington 


(Received for publication, May 5, 1960) 
In a recent communication, Hein, McGriff, and Niemann (1) 


reported the synthesis of D- and L-1-keto-3-carboxymethyl- 
1,2,3,4-tetrahydroisoquinoline and stated that the p-enanti- 
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omorph was hydrolyzed by a-chymotrypsin at a rate comparable 
to the rate of hydrolysis of several acylated L-phenylalanine 
methyl esters. In contrast, no significant hydrolysis of t-KCI! 
occurred and the L-isomer appeared to be a competitive in- 
hibitor of the hydrolysis of p-KCI. Since it is well known that 
specific substrates of a-chymotrypsin are derivatives of amino 
acids of the L-configuration (2), Hein et al. interpreted this ob- 
servation as “‘an inversion rather than an abolition of the tradi- 
tional antipodal specificity of systems involving a-chymotrypsin.”’ 
They proposed “that the predominant antipodal specificity of 
such systems can be determined by the structure of the substrate 
and that it is not an invariant property of the enzyme.” 

In view of the far-reaching implications of this hypothesis, 
we should like to examine the conclusions which Hein et al. have 
drawn concerning the mechanism underlying this inversion of 
antipodal specificity and to suggest an alternative interpretation 
of the observed findings. 

Hein et al. (1) have suggested that the “inversion” of antipodal 
specificity in the case of p-KCI may be due to a change in the 
conformation of the active site of the enzyme, induced by this 
substrate. This seems to us unlikely, since it implies a disruption 
of the tertiary structure of the enzyme, and reassembly of the 
peptide chains in an antipodal manner. Furthermore, if this 
were possible, it is difficult to see why the enzyme could not ac- 
commodate itself equally to the substrates t-KCI or p-APMe 
which are, in fact, not hydrolyzed. 

An alternative explanation offered by Hein et al., that the 
substrates D-KCI and t-APMe are hydrolyzed by means of dif- 
ferent pathways, also appears unlikely, since all previous evi- 
dence implies a single catalytic site and a unique mechanism of 

‘The abbreviations used are: KCI, 1-keto-3-carboxymethy]- 


1,2,3,4-tetrahydroisoquinoline; APMe, acyl phenylalanine 
methyl ester. 
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action for chymotrypsin. If, in spite of this, different pathways 
of hydrolysis were possible, one would expect that t-KCI would 
be hydrolyzed by the pathway for t-APMe, and that p-APMe 
would be hydrolyzed by means of the p-KCI pathway. 

The following alternative explanation is offered as a basis for 
the preference of a-chymotrypsin toward p-KCI as a substrate 
rather than the L-enantiomorph: 

Molecular models show that there are four possible forms of 
KCI: the p- and L-isomers, each with the carboxymethyl group 
in an axial or equatorial position (Fig. 1). The possibility for 
the existence of axial and equatorial forms arises by virtue of the 
saturated six-membered ring in 1,2,3,4-tetrahydroisoquinoline. 
We may designate the four isomers by (D,a), (D,e), (L,a), and 
(L,e). If we consider the equatorial forms, we find that the 
spatial location of the ester bond in (D,e) and (L,e) is very much 
the same, even though the two isomers are optical antipodes. 
On the other hand, the carboxymethyl] group in the axial forms 
is strikingly out of the plane of the phenyl ring and is located in 
(D,a) and (L,a) on opposite sides of this plane (Fig. 1). Since 
the enzyme attacks only the p-enantiomorph, and since the 
ester bonds in (D,e) and (L,e) occupy almost identical spatial 
positions and are thereby hardly distinguishable from each other, 
we suggest that (D,a) is the form susceptible to enzymatic at- 
tack. Since, moreover, D-KCI is consumed completely in the 
enzymatic reaction (1), we must also assume that the axial form 
is the predominant one or that the axial and equatorial forms 
are interconvertible in solution with considerable ease. 

Finally, we may ask whether it is possible to devise a set of 
criteria which will specify the configuration of those compounds 
which are susceptible to hydrolysis by chymotrypsin and will 
exclude those compounds which are not. In the case of the 
substrates under consideration the following criteria will serve: 
In the skeleton structures shown in Fig. 2, C, represents the 
carboxyl carbon atom, C, the asymmetric a-carbon atom, C; the 
methylene carbon atom, and C, the adjacent carbon atom of the 
phenyl ring. Inp,a-KCI and t-APMe C; is nearly in the plane 
of the phenyl ring, the bond C,—C, is almost perpendicular to 
this plane, and the vectors C; — C2, C2 — C3, C3 — Cy, form a 
right-handed system. These criteria fix the position of the carbon 
atom (C,), which is attacked by the enzyme, with respect to the 
ring and the methylene carbon atom (C3). 

When models are made, it becomes apparent that only p,a- 
KCI and t-APMe can fulfill these criteria. p-APMe is excluded 
because of steric interference between the phenyl ring and the 
acyl amino group when the vectors C; + C2, C2 > Cs, C3 > Ca 
form a right-handed system. In the equatorial forms of 
KCI the bond C,—C., is in the plane of the ring, whereas in L, 
a-KCI the bonds C; — C2, C2 — Cs, Cz — Cy, form a left- 
handed system. Since it now appears possible to explain the 
antipodal specificity of chymotrypsin on the basis of criteria 
such as these, it is no longer necessary to assume drastic struc- 
tural changes in the active center of the enzyme or to invoke 
different pathways of hydrolysis for these substrates. 

If this approach is correct, it follows that the conformation 
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of the groups in the enzyme which govern its specificity has been 
defined more rigidly by the studies of Hein et al. (1). In any 
case, it seems probable that the initiative of these authors in 
exploring substrates with “locked’’ configurations will prove 
fruitful in interpreting the mechanism of action of chymotrypsin? 
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Identification of Guanosine Diphosphate 
L-Galactose, Guanosine Diphosphate 
D-Mannose, and Adenosine 3’,5’- 
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From the Department of Biochemistry, University of California, 
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(Received for publication, May 23, 1960) 


A study! of the carbohydrates in the marine red alga, Porphyra 
perforata, a member of the order of Bangiales, showed that it 
contained an alcohol-insoluble polysaccharide consisting of p- 
and t-galactose units, and low molecular weight alcohol-soluble 
p-galactosides. In the present investigation, which deals with 
the isolation and identification of nucleotides, we have shown 
that guanosine diphosphate L-galactose, guanosine diphosphate 
D-mannose, and adenosine 3’,5’-pyrophosphate are present in 
this plant. Although guanosine diphosphate p-mannose hag 
been previously reported to exist in yeast (1), guanosine diphos- 
phate t-galactose and adenosine 3’,5’-pyrophosphate are now 
reported for the first time to occur in living cells. 

The alga was collected from the east side of the Golden Gate 
Bridge, San Francisco, California. Approximately 5.2 kg (700 
gm dry weight) of the freshly collected alga were placed in 5 
liters of boiling 95% ethanol for about 2 minutes. Sufficient 
ethanol was then added to bring the volume to 10.5 liters, and 
the leaves were disintegrated in a large Waring Blendor. The 
ethanol containing the crushed material was heated to 60-70° 
as quickly as possible and kept at that temperature for 5 minutes. 
The alga residue was removed by filtration and the ethanolic 
extract concentrated in a vacuum at 40° to about 2.7 liters. All 
of the subsequent steps were carried out at 0°. After most of 
the pigments were extracted with ether, the resulting yellow 
aqueous solution was adjusted to pH 2.5 with nitric acid. An 
equal volume of 95% ethanol was then added, and the nucleotides 
were precipitated with mercuric acetate (2). The washed 
precipitate was decomposed with hydrogen sulfide, the nucleo- 
tides chromatographed on Dowex 1 (Cl-) and the eluate collected 
in fractions of 0.5 liter by means of a fraction collector, the elu- 
tion being followed by changes in optical density at 260 muy, as 
described by Volkin and Cohn (8). 

Six peaks (numbered in sequence of elution), three of which 
contained sugar nucleotides, were obtained. Peak VI contained 
UDP-glucuronic acid (2 wmoles) whereas Peak V contained UDP- 
p-glucose (30 umoles) and UDP-p-galactose (6 umoles). On 
paper chromatographic separation with ethanol-1 M ammonium 
acetate solution, pH 7.5, (7:3), Peak IV yielded three spots 
(named in order of migration as A, B, and C). Spot A proved 
to be identical with the major components of Peak V. Spot € 


* This investigation was supported in part by a research grant 
(No. A-1418) from the U.S. Public Health Service, National Insti- 
tutes of Health, and by a research contract with the U. S. Atomic¢ 
Energy Commission. 

1J. C. Su and W. Z. Hassid, unpublished data. 
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was shown by ultraviolet spectrophotometric analysis to be a 
guanosine nucleotide (4). Determination of pentose and total 
and labile phosphate (5), and estimation of reducing sugar (6) 
after hydrolysis with 0.01 n HCl at 100° for 5 minutes, showed 
the compound from the eluted spot to be a guanosine diphosphate 
sugar. The monosaccharides obtained from the hydrolysate 
were identified as L-galactose and D-mannose as follows: 

1. Two-dimensional cochromatography with authentic C'*-p- 
galactose and C'-p-mannose, with phenol-water (65%) and n- 
butanol-acetic acid-water solvents, 52:13:35 (7, 8), resulted in 
spots situated in identical corresponding positions. 

2. Reduction of the chromatographically separated mannose 
and galactose with sodium borohydride produced the corre- 
sponding glycitols, which were subsequently identified by elec- 
trophoresis in 0.05 m tetraborate buffer, pH 9.2, as mannitol 
and galactitol. By this technique, galactitol, glucitol, and man- 
nitol are readily distinguished from each other (Rpicrate for glu- 
citol, 0.83; mannitol, 0.99; and galactitol, 1.16). 

3. p-Mannose was identified by its specific phenylhydrazone, 
which did not give a melting point depression when mixed with 
p-mannose phenylhydrazone. Examination of the optical rota- 
tion of this sugar showed a positive rotation. 

4. The t-configuration of the chromatographically separated 
galactose was adduced from the fact that it could not be oxidized 
by the specific p-galactose dehydrogenase from Pseudomonas 
saccharophila (9).? 

Since GDP-p-mannose and GDP-t-galactose could not be sep- 
arated from each other, their occurrence was further substanti- 
ated as follows: (a) Hydrolysis of the sugar nucleotide mixture 
with nucleotide pyrophosphatase or with acid, produced only 
GMP and/or GDP. (6) Hydrolysis catalyzed by nucleotide 
pyrophosphatase yielded two sugar phosphate spots which mi- 
grated on paper as a-D-mannose 1-phosphate and a-p-galactose 
|-phosphate (ethanol-1 M ammonium acetate, pH 5.1, 85:15). 

The amount of GDP-hexose obtained was approximately 30 
ymoles. The approximate ratio of GDP-1-galactose to GDP-p- 
mannose in the mixture was estimated from the corresponding 
hexoses recovered from the hydrolysate. The acid hydrolysate 
was deionized by passing through columns of Dowex 50 (H*) 
and Duolite A-3 (OH-), and chromatographed (n-butanol-acetic 
acid-water, 4:1:1); the sugars were then eluted from the chro- 
matogram, filtered through sintered glass, and estimated by the 
anthrone method (10). If it is assumed that the recovery for 
both sugars was identical, the ratio of L-galactose to D-mannose 
was estimated as 1:20. 

It is interesting to note that the galactosyl moiety in the UDP- 
galactose obtained from the same alga was entirely of the p-con- 
figuration. 

Spot B of Peak IV proved to be a single compound containing 
adenosine, when analyzed electrophoretically and chromato- 


?_-Galactose was obtained from the hydrolysate of the water- 
soluble polysaccharide of the alga (m.p. 163-165°, [a]?' —79) and 
tested with the enzyme. p-Galactose was shown to be oxidized 
by this enzyme. 

We are indebted to Dr. M. Doudoroff for contributing the 
Pseudomonas saccharophila culture. 
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graphically (7 umoles). Analysis of its constitutents gave ade- 
nine-ribose-phosphate in the ratios 1:1:2. However, in its chro- 
matographic behavior (ethanol-ammonium acetate, either at pH 
7.5 or pH 5.1) the compound resembled AMP rather than ADP. 
Its electrophoretic mobility at pH 3.8 and 5.7 was almost the 
same as that of ADP, whereas at pH 7.6, it behaved as AMP. 
Since the secondary pK,’s of phosphate compounds have values 
between 6 and 7, this indicated that the secondary phosphate 
dissociation is not available in the compound. When hydrolyzed 
with 1 n HCl for 10 minutes at 100° or treated with nucleotide 
pyrophosphatase, Compound B was transformed into another 
compound, D, which behaved as ADP chromatographically and 
electrophoretically at pH 3.8, whereas at pH 5.7 or 7.6 it mi- 
gratedas ATP. Analysis of Compound D showed the same ratio 
of constitutents (adenine-ribose-phosphate) as Compound B. 
On prolonged acid hydrolysis of Compound B, adenine was liber- 
ated without intermediate formation of AMP. These results indi- 
cated that Compound B is a cyclic pyrophosphate and that Com- 
pound D could be adenosine 2’ ,3’- ,2’,5’-, or 3’ ,5’-diphosphate. 
The nucleotide pyrophosphatase used also contained a nonspecific 
phosphatase, which on prolonged treatment of Compound B 
with the enzyme produced adenosine as the sole ultraviolet-ab- 
sorbing product. However, by choosing an appropriate reaction 
time, a mixture of two types of adenylic acid was obtained from 
the enzyme digest. These compounds were proved to be 
adenosine 5’-phosphate (A-5’-P) and adenosine 3’-phosphate 
(A-3’-P) by electrophoresis in tetraborate (0.05 m, pH 9.2) (11) 
and by chromatography (0.8 saturated ammonium sulfate con- 
taining 2% isopropanol) (12). The former technique dis- 
tinguishes A-5’-P from the A-2’-P and A-3’-P isomers, and the 
latter resolves the A-2’-P and A-3’-P isomers. This evidence 
indicates that compound B is adenosine 3’ ,5’-pyrophosphate. 

A detailed study of the nucleotides from this red alga will be 
presented in a future communication. 
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and Metabolism, National Heart Institute, National Institutes 
of Health, United States Public Health Service, 
Bethesda, Maryland 


(Received for publication, May 23, 1960) 


The release of unesterified or free fatty acids from adipose tis- 
sue is known to be inhibited by glucose (1) and to be stimulated 
by a number of hormones, including epinephrine (1), adreno- 
corticotrophic hormone (2), and glucagon (3). Vaughan (4) has 
shown that these hormones stimulate the activation of phos- 
phorylase in rat epididymal fat pads and increase the rate of 
glucose uptake. On the other hand, serotonin, which also in- 
creases phosphorylase activity and glucose uptake in this tissue, 
does not stimulate the release of FFA! If the triglyceride in 
adipose tissue is in a true dynamic state, being continuously 
broken down and resynthesized, changes in either the rate of 
breakdown or the rate of synthesis could potentially alter the 
net rate of release of FFA. We have reported previously (5) 
that during incubation of unfortified homogenates of rat epididy- 
mal fat pads there is a net release of FFA. On the other hand, 
when all the factors necessary to support active triglyceride syn- 
thesis are added, there is either little change or a net decrease in 
the FFA pool. The present studies were undertaken to deter- 
mine whether a similar relationship between triglyceride syn- 
thesis and FFA release might be observed in intact fat pads. 

As shown in Table I, glucose (0.5 mg per ml) more than doubled 
the incorporation of palmitate-1-C™ into triglycerides without 
significantly affecting the concentration or specific radioactivity 
of the FFA in tissues as determined at the end of the incubation. 
The increased incorporation in the presence of glucose, then, is 
not simply due to a higher specific radioactivity of the precursor 
fatty acids but appears to reflect a true increase in the rate of 
fatty acid esterification. 

Epinephrine inhibited incorporation of palmitate-1-C™ into 
triglycerides by approximately 50% (Table I). The tissue con- 
centration of FFA at the end of the incubation, as well as the 
medium concentration, was distinctly higher in the presence of 
epinephrine, indicating net breakdown of triglyceride. It is im- 
portant to note that epinephrine raised not only the concentra- 
tion but also the specific radioactivity of the tissue FFA. At 
shorter time intervals also (15 or 30 minutes), the specific radio- 
activity of the tissue FFA was higher and the neutral lipid radio- 
activity lower in the fat pads incubated with epinephrine. 
When corrected for the observed specific radioactivity of the 
fatty acid precursor pool, the inhibition of incorporation by epi- 
nephrine would be even greater than indicated in Table I. These 
data suggest that the penetration of FFA from medium into the 
tissue is not inhibited by epinephrine and that inhibition of 
triglyceride synthesis results in a larger accumulation of radio- 


1The abbreviations used are: FFA, free fatty acids; ACTH, 
adrenocorticotrophic hormone. 
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TABLE I 


Effects of glucose, epinephrine, ACTH, and serotonin on 
palmitate-1-C'* incorporation into triglycerides by 











rat epididymal fat pads* 
Final Final tis- ad 
Addition | ree | eiktts. | SUES |ectirla 
centration | activity lipid 
ony, ae a | ueq/g/hr | peq/g | c.p.m./peq  ehae 
IN tocar la! | 4.6 9.3 670 | 10,400 
Glucose, 0.5 mg/ml (3).......| | 4.2 9.3 580 25,800 
Ree j scacn lion | 4.0 8.9 670 | 17,00 
Epinephrine, 0.1 yg/ml (6).. | 10.3 13.6 840 8,100 
| ee Oe en oor | 2.7 9.0 330 8,000 
ACTH, 0.04 units/ml (3).....| 10.2 17.6 600 2,900 
rene: G) oo... ic ‘itl 4.6 8.8 695 10,000 
Serotonin, 4 X 10-4 m (2)... | 5.0 9.5 810 9,900 

















* Rat epididymal fat pads were incubated for 1 hour at 37° 
in 3 ml of Krebs’ bicarbonate buffer, pH 7.4, containing 3% bovine 
serum albumin and sodium palmitate-1-C“. FFA in medium 
and in rinsed} homogenized tissues were measured by Dole’s 
method (6). For radioassay, FFA were extracted from the iso- 
octane phase with alkaline ethanol and, after acidification of the 
extract, were re-extracted into isooctane. The radioactivity in 
the neutral lipid extract in isooctane and the FFA fraction was 
assayed in a Tri-Carb liquid scintillation spectrometer after dis- 
solving an aliquot in toluene containing diphenyloxazole (6 mg 
per ml). Over 90% of the radioactivity of the neutral lipid frae- 
tion was shown by silicic acid chromatography to be in the form 
of triglycerides. 

+t Numbers in parentheses indicate the number of experiments, 
data from which are averaged in the table. 


activity in the intracellular FFA pool. The effect of ACTH m 
palmitate-1-C' incorporation into triglyceride was similar to 
that of epinephrine, but serotonin, which did not influence the 
rate of release of FFA, did not alter the rate of palmitate-1-C" 
incorporation (Table I). It has also been found that the in- 
corporation of C' from pyruvate-1-C™ into triglyceride-glycerl 
is inhibited about 70% by epinephrine and ACTH and, to a lesser 
extent, by glucagon. 

Mashburn et al. (7) and Rizack (8) have reported that epi- 
nephrine increases the activities of certain lipases in adipose tissue, 
but it is not yet established that the esterases studied play a roe 
in the physiological breakdown of triglycerides. The present 
studies do not rule out the possibility that epinephrine simul- 
taneously inhibits triglyceride synthesis and stimulates lipoly- 
sis. Leboeuf et al. (9) have postulated that triglyceride turnover 
is increased by epinephrine, 7.e. both synthesis and breakdown 
are accelerated. This postulate is based on their observation 
that epinephrine increases incorporation of C' from glucose into 
triglyceride-glycerol in adipose tissue, which has been confirmed 
in this laboratory (4). Without knowledge of the specific at 
tivity of a-glycerophosphate, however, such results cannot bk 
conclusively interpreted as reflecting an increased rate of tt- 
glyceride synthesis. 

It is not known with certainty that the FFA in adipose tissue 
represents a single homogeneous pool. That this may be: 
reasonable assumption, however, is indicated by the fact that 
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the minimal rate of fatty acid incorporation calculated from the 
data of Table I corresponds to a half-life for the fat pad tri- 
glycerides of approximately 3 days, which is close to the value 
of 2 days reported by Schoenheimer and Rittenberg (10) for 
adipose tissue of intact mice. 

On the basis of the results reported here, the hypothesis is 
presented that, at least in part, the control of the rate of release 
of free fatty acids from adipose tissue is exercised through con- 
trol of the rate of triglyceride synthesis in a tissue in true dynamic 
state. 
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The enzyme that catalyzes glutamine synthesis (Reaction 1), 
also catalyzes a transfer reaction in which y-glutamylhydroxa- 
mate is formed from glutamine and hydroxylamine in the pres- 
ence of catalytic amounts of orthophosphate, or arsenate, and 
adenosine diphosphate; (see Meister (1) for review of literature). 


++ 
& 





M 
Glutamate + NH,*+ + ATP glutamine + ADP + P; (1) 





No intermediates have been found in these reactions and partial 
reactions have not been demonstrated. Glutamate is not an 
obligatory intermediate in the transfer reaction (2), and studies 
with synthetic y-glutamylphosphate did not provide evidence 
for intermediate participation of this compound, although an 
enzyme-bound anhydride is not excluded (3). Studies on the 
synthesis of p- and L-glutamines and +-glutamylhydroxamates 
suggested a mechanism involving an initial activation of gluta- 
mate of relatively low optical specificity, followed by a more 
specific reaction of activated glutamate with NH,*+ (4). The 
observation that pyrrolidone carboxylate was formed, when a 
mixture of t-glutamate, ATP, Mg*+, and enzyme was heated 


*The authors acknowledge the generous support of the Na- 
tional Heart Institute, National Institutes of Health, and the 
National Science Foundation. We thank Mr. Daniel Wellner for 
assistance in the ultracentrifugation studies. 
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(5), provided a significant clue to an activated glutamate inter- 
mediate. 

We now report evidence for formation, in the absence of 
NH", of enzyme-bound y-carboxyl-activated L- and p-glutamates 
associated with cleavage of ATP. It is well known that +-glu- 
tamyl derivatives cyclize more readily than glutamate when 
heated. We reasoned that if an enzyme-bound y-activated 
glutamate were formed, it might cyclize very rapidly on heating. 
Therefore, we incubated large amounts of highly purified sheep 
brain enzyme with ATP, C-1-glutamate and Mg++; when this 
mixture was heated at 100° for 5 minutes, pyrrolidone carboxylate 
was formed (Table I). Much less pyrrolidone carboxylate was 


TABLE I 
Formation of pyrrolidone carboxylate 

















Pyrrolidone car- 
Experi-| boxylate formed 
ment | Reaction mixtures* 

mi With t- | With v- 
| glutamatet/glutamatet 
| myumoles | mymoles 

1 | Glutamate + ATP + Mg*t+ + enzyme | 16.8 17.2 

2 | Glutamate + ATP + Mgtt + enzymet 0.7 0.5 

3 | Glutamate + Mg*t* + enzyme 0.5 0.2 

4 | Glutamate + ATP + enzyme 0.7 0.5 

5 | Glutamate + ATP + Mgt+ 0.7 0.5 

6 | Glutamate + ATP + Mgtt + enzyme + 0.6 4.3 
| NH, 











* The reaction mixtures (0.5 ml) contained enzyme, 5 mg (see 
footnotet); glutamic acid-1-C'™ (L: 0.17 umole, 910,000 c.p.m.; 
pD: 0.19 umole, 92,000 c.p.m.); ATP, 5 umoles; MgCle, 25 umoles; 
NH,Cl, 0.05 umole; and 2-amino-2-(hydroxymethyl)-1,3-propane- 
diol-HCl buffer, pH 7.2, 25 umoles. After 10 minutes (37°), they 
were heated at 100° for 5 minutes and then cooled; 0.5 ml of 
ethanol was added, and the precipitated protein was removed by 
centrifugation. The supernatant solution was analyzed for 
pyrrolidone carboxylate and glutamine by paper strip chroma- 
tography (n-butanol-acetic acid-H.O; 4:1:1) and electrophoresis 
(pH 5.0), respectively. Sections of the strips were counted in a 
gas flow counter. 

+ The enzyme was about 70% pure as judged by ultracentrifuga- 
tion studies. It was purified about 2000-fold from sheep brain by 
isoelectric precipitation, adsorption on Ca3(PO,)2 gel, and dif- 
ferential heat inactivation. The latter step makes use of the 
interesting fact that ATP (+Mg**) protects the enzyme against 
denaturation at 55°. Preparations of greater purity were ob- 
tained by (NH,)2SO, fractionation; however, this step was not 
employed for enzyme used in these studies, and precautions were 
taken to eliminate NH," from all solutions and reagents employed. 
The purified enzyme contained small amounts of material that 
absorbed at 260 my, the nature of which is being studied. Added 
ribonuclease did not inhibit the enzyme. 

t The enzyme was inactivated before the experiment by heating 
at 100° for 5 minutes. 


formed with heat-denatured enzyme, when enzyme, ATP, or 
Mg++ was separately omitted, when ATP was replaced by AMP, 
ADP, CTP, ITP, UTP, or GTP, or when enzyme was replaced 
by other proteins. When preincubation was reduced to 10 sec- 
onds, there was a 30% decrease in the pyrrolidone carboxylate 
formed. Heating at 100° for 1 to 20 minutes gave the same 
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results, and about 70% as much pyrrolidone carboxylate was 
formed when the mixture was heated at 55° for five minutes. 
This suggests a highly reactive intermediate that undergoes 
cyclization about 600 times more rapidly than glutamine which 
does not cyclize appreciably in 5 minutes at 100° at pH 7.2. 
Theamounts of pyrrolidone carboxylate formed were of the same 
order as that of the enzyme; however, exact stoichiometry has not 
yet been attempted. Only traces of, or no, glutamine were 
formed. When NH,* was added to the system, glutamine was 
formed and pyrrolidone carboxylate formation was reduced to 
the blank level. Studies with p-glutamate gave similar results; 
however, pyrrolidone carboxylate formation in the presence of 
NH,* was not reduced to blank values. This suggests that un- 
der these conditions orientation of the p-glutamate intermediate 
on the enzyme may be less favorable with respect to reaction 
with NH,* than that of t-glutamate.! Although the a-amino 
group of glutamate may be considered to replace NH,* in the 
cyclization reactions, the rates of cyclization (at 55°) do not 
differ markedly for the two isomers of glutamate. It seems 
probable that the cyclization reactions, like the reactions with 
hydroxylamine (cf. Levintow and Meister (4)), reflect presence of 
an activated carboxyl group. When a mixture equivalent to 
that of 1 in Table I was centrifuged in a separation cell (7), 
there was a loss of C corresponding to 17.1 myumoles of L-glu- 
tamate from the upper portion of the cell, when the enzyme 
passed below the separation plate; there was no sedimentation 
of glutamate in the controls. In ultrafiltration studies of these 
reaction mixtures, with Schleicher and Schuell membranes, C™- 
glutamate remained associated with the protein which did not 
pass the membrane, whereas this result was not observed in the 
controls. The amount of glutamate bound to protein in these 
studies was equal to the pyrrolidone carboxylate formed in the 
heating experiments. Experiments with ATP*® similar to those 
reported in Table I, except that less ATP was used, are described 
in Table II. The mixtures were treated with ethanol and cen- 
trifuged to remove protein. Only traces of phosphate were found 
in the absence of glutamate, whereas significant amounts of phos- 
phate were formed with L- or p-glutamates. No glutamine was 
formed in controls with C™-glutamates. Pyrrolidone carboxyl- 
ate in amounts equivalent to phosphate was found in parallel 
heating experiments. We have found that the purified brain 
enzyme does not catalyze exchange between orthophosphate and 
ATP in the presence of glutamate and Mg++ (NH,* absent); 
the mild ethanol treatment may release phosphate from a labile 
bound form. 

The data indicate that binding of glutamate to the enzyme re- 
quires ATP and Mg*+. Binding is associated with cleavage of 
ATP and the formation of y-carboxyl-activated glutamate; these 
events take place in the absence of NH,* and without formation 
of glutamine. These findings should be considered in relation 
to the suggestions that (a) glutamate and NH,* react before 
reaction with ATP (8), (6) that ATP cleavage and reaction with 
NH,‘ occur essentially simultaneously (9, 10), and (c) that ATP 


‘It is possible that activation of p-glutamate occurs in the 
intact animal; conversion to pv-pyrrolidone carboxylate might 
occur in the presence of relatively low physiological concentra- 
tions of ammonia (cf. Ratner (6)). 
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TaBLeE II 
Formation of orthophosphate 

Orthophosphate formed 
Reaction mixtures* Sunn 
L-glutamate | D-glutamate 

mumoles mumoles 

Glutamate + ATP + Mg** + enzyme 6.6 5.6 

ATP®# + Mgtt + enzyme 0.2 0.1 











*The reaction mixtures (0.2 ml) contained ATP, 8, y-P2, 
60,000 c.p.m., 0.1 umole; enzyme, 3.8 mg.; MgClz, 0.5 umole; 
buffer, 10 uzmoles; and glutamate, 0.068 umole; incubated at 37° 
for 1 minute and then treated with 0.2 ml of ethanol. After 
centrifugation, the supernatant solution was chromatographed on 
paper (isopropyl ether-formic acid, 3:2) and the orthophosphate 
was determined. 


is cleaved to orthophosphate before reaction with glutamate 
(11). The present studies suggest binding of ATP and Mg+ 
before binding of glutamate and favor stepwise arrangement of 
reactants on the enzyme with NH,* reacting last. When con. 
sidered in the light of O18 data (12, 13), our results are consistent 
with but do not prove formation of enzyme-bound ‘y-glutamyl- 
phosphate. It seems probable that the same intermediate is 
formed in the synthesis, reversal of synthesis (14), and transfer 
reactions. The requirement for ADP in the transfer reaction 
suggests that ADP is also bound to the enzyme, and that ADP 
may be required for binding of glutamine when the reaction 
proceeds in the reverse direction as well as for the integrity of 
the activated glutamate intermediate. Further studies on the 
intermediate and on the role of ADP are being carried out. 
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Dimethyl]-8-ribityllumazine 
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Experiments with intact cells of Ashbya gossypii suggested that 
6,7-dimethy]-8-ribityllumazine (I) could be a precursor in the 
biogenesis of riboflavin (II) (2). Support for this view was 
furnished by the demonstration that the addition of 6 ,7-dimeth- 
yl-8-ribityllumazine-2-C" to cell-free extracts of A. gossypii, 
resulted in the net synthesis of riboflavin of the same molar 
specific radioactivity as that of initial 6,7-dimethyl-8-ribity]- 
ljumazine-2-C™ (8). Thus, the compound is itself converted to 
II, and does not merely stimulate the transformation of another 
substance to the vitamin (3). Studies with extracts from other 
microorganisms also have indicated formation of II in the pres- 
ence of I (4-9). 

Such a conversion reaction requires the addition of 4 carbon 
atoms to I to form the o-xylene portion of II. It is of interest 
that previous experiments with intact cells of A. gossypii indi- 
cated that the aromatic ring of vitamin Be might arise from the 
condensation of 2 carbon or 4 carbon units (10). Masuda (11) 
had suggested that the requirement for a 4 carbon component 
could be fulfilled by acetoin or butane-2 ,3-dione; however, sub- 
sequent experiments with extracts of Eremothecium ashbyii did 
not support this contention (8). Acetyl groups have been im- 
plicated since Katagiri et al. (6, 7) reported that pyruvate, ac- 
etaldehyde, and acetate stimulated the conversion of I to II 
with extracts of Clostridium acetobutylicum and Escherichia coli. 
However, the reaction without the presumed 4 carbon donors 
was about 60% of that in their presence. Katagiri et al. (8) also 
reported that acetyl phosphate could replace the combination of 
acetate plus ATP in their system. 

With improved methods of preparation of cell-free extracts it 
is now possible to determine accurately the extent of conversion 
of I to II in a 1-hour incubation period. The enzyme complex 
has been partially purified from extracts of E. coli and from A. 
gossypii in particular, and such preparations have been used to 
study the influence of the composition of the medium on the 
rate of reaction. Only I, an appropriate buffer, and enzyme! 
were required for conversion of the pteridine to vitamin Bz. No 
stimulatory effect could be shown by the addition of the follow- 
ing (either alone or in various combinations): acetoin, butane- 
2,3-dione, pyruvate, acetate, ethanol, acetyl phosphate, acetyl- 
CoA, pui-8-hydroxybutyrate, acetoacetate, CoA, ATP, ADP, 

* Supported in part by grants from the National Institutes of 
Health, U. S. Public Health Service and the Williams Waterman 
Fund of the Research Corporation, Inc. Senior Research Fellow 

(SF 261) of the U. S. Public Health Service. A preliminary re- 
port was presented before the American Society of Biological 
Chemists (1). 


1 The best material obtained was purified about 100-fold from 
the aqueous extracts of Ashbya gossypii. 
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Fig. 1. Possible distribution of radioactivity in riboflavin 
formed from 6,7-dimethyl-C'*-8-ribityllumazine. R, ribityl; @, 
C4, 


ribose 5-phosphate, DPN, DPNH, TPN, or Mg++. Further- 
more, addition of acetate-1 ,2-C™ or of uniformly labeled glucose- 
C did not lead to incorporation of radioactivity into riboflavin 
with either crude or purified preparations of E. coli, or A. gos- 
sypit. 

These results suggested the possibility that the required 4 
carbon atoms might originate from the pteridine itself, acting 
both as an acceptor and a donor. This possibility was explored 
in studies on (a) the stoichiometry of the conversion reaction, 
and (b) the nature of the distribution of radioactivity in II de- 
rived from 6 ,7-dimethyl-C"-8-ribityllumazine. 

Consideration of the stoichiometry suggests that if 4 carbon 
atoms were donated to I from another source, each mole of I 
consumed in the reaction would yield 1 mole of II. However, 
if I acts as both a donor and an acceptor at least 2 moles of sub- 
strate would disappear for each mole of II produced. Under the 
conditions described in Table I a disappearance of 2.3 umoles of 
I (compare lines 1 and 83) and the formation of 0.99 umoles of 
II (see line 2 or 3a, control vs. plus enzyme) was observed; this 
gives a ratio of 2.3 for substrate disappearance to product for- 
mation. 

If I indeed fulfills a dual function in its transformation to II, 
as acceptor and donor of 4 carbon atoms, it seems likely that 
carbons 6 + 7 and the methyl groups would be involved. One 
would expect that 6,7-dimethyl-C"-8-ribityllumazine would 
yield II labeled in the methyl groups and carbons 5 and 8; hence 
the molar specific radioactivity would be twice that of the start- 
ing material (Fig. 1, compare I and II). Furthermore, a Kuhn- 
Roth (12) degradation of the II formed should yield acetic acid 
(derived from the methyl groups and carbons 6 + 7 of the vita- 
min) with a molar specific radioactivity one-half that of the 
substrate (Fig. 1, compare I and III). Under these circum- 
stances the ratio of molar specific radioactivities of 6 ,7-dimethyl- 
8-ribityllumazine to riboflavin to acetate should be 1:2.0:0.50. 
This is in reasonable accord with the ratio of 1:2.2:0.33 calcu- 
lated from the values obtained in the experiment reported in 
Table I. 

The origin of rings B and C of riboflavin from 6 ,7-dimethyl- 
8-ribityllumazine was suggested by the lack of dilution of radio- 
activity in the enzymic conversion of 6,7-dimethyl-8-ribityl- 
lumazine-2-C™ to the vitamin (3).2_ The present results indicate 
that all of the carbons of the o-xylene moiety of riboflavin are 
derived from the same lumazine compound, implicating a mech- 
anism involving the utilization of 2 or more molecules of 6,7- 
dimethyl-8-ribityllumazine in the formation of 1 molecule of 
riboflavin. If this is the case, an additional product(s), derived 
from the remaining pyrimidine portion of the lumazine molecule, 
should also appear. Work is in progress to determine whether 
such a substance(s) is indeed formed. 


? These results have been confirmed with purified enzyme prepa- 
rations (G. W. E. Plaut, unpublished observations.) 






9) 
Conversion of 6 ,7-Dimethyl-8-ribityllumazine to Riboflavin Vol. 235, No. 


TaBLeE [ 
Distribution of radioactivity in riboflavin formed enzymically from 6 ,7-dimethyl-C'-8-ribityllumazine 

The 30-ml reaction mixture contained 500 umoles phosphate buffer at pH 6.9, 4.68 wmoles of 6,7-dimethyl-C"-8-ribityllumagi 
(15,000 c.p.m.), and 29 mg of enzyme protein (purified 35-fold from the aqueous extract of acetone powder of Ashbya gossypii; speci 
activity 35 mumoles of riboflavin formed per mg protein per hour at 37°) in one tube and the same quantity of inactivated enzy 
(10 minutes at 95°) in the control. 3 

Both reaction mixtures were incubated for 1 hour at 37°. At the end of this time 15 ml of 15% trichloroacetic acid were added ¢ 
each. Protein was removed by centrifugation and the supernatant fluids were submitted to the sequential steps for the separation 
and purification of 6,7-dimethyl-8-ribityllumazine and riboflavin indicated in Steps 3 to 6. 

Riboflavin from Step 6 was treated with chromic acid by the procedure of Kuhn and Roth (12) for the determination of C- methyl 
groups. The acetic acid distilled from the reaction mixture was determined by titration with0.01N NaOH. The neutralized solution 
was concentrated to a smaller volume and an aliquot was counted (Step 7a). The rest of the solution was acidified and submitted to 
continuous extraction with ether. The acetic acid in the ether layer was transferred to Skellysolve B and purified further by chrow 
matography on silica gel (13). The amount of acetic acid eluted from the column was determined by titration with 0.03 n NaOH, and 
an aliquot of the solution thus neutralized was plated, dried, and counted (Step 7b). 


. 
bi 





| 
Total amount? | Total radioactivity 
Purification step Compound Specific radioactivity | 
Control | + enzyme Control + enzyme 4 
| id 








pmoles c.p.m. c.p.m./pmole 

. Initial reaction mixture 6, 7-Dimethyl-8- 4.688 4.688 15,000 15,000 3210 

ribitylluma- 

zine 

. Deproteinized filtrate Riboflavin : 1.018 

. Magnesol’ column: 
a. Effluent 6,7-Dimethy]-8- : 2.37F 
ribitylluma- 
zine 

Riboflavin 2 ; — 
b. Effluent after volume reduction Riboflavin ‘ 684° 

. Paper chromatography; BuOH:)| Riboflavin ; . 328 341¢ 
EtOH: H20, 20:7:14 

. Paper chromatography, tert-amyl | Riboflavin 5 .208 1410 70504 
alcohol (aqueous phase) 

. Crystallization, carrier added Riboflavin 2. 920 6960/ 

. Chromic acid oxidation: 
a. Distillate Acetate _ 37 — 236 944/ 
b. Chromatography on silica gel Acetate — 71T —_ 136 1050/ 























@ The letter after each number refers to the method of determination. S, spectrophotometric; F, fluorometric; W, weight; and t 
titration with standard alkali. - 
*’ Westvaco Chemical Corporation, dry cleaning grade. The use of selective eluants leads to the separation and quantitative 
covery of 6,7-dimethyl-8-ribityllumazine, riboflavin, and 6-methyl-7-hydroxy-8-ribityllumazine from this adsorbent. ’ 

¢ These samples contained large amounts of solid (mainly silicates), and the counts have not been corrected to infinite thinness) 
However, the counts obtained for the control and the sample are comparable. 

4 Specific radioactivity of riboflavin formed by enzyme action. 

¢ Riboflavin, 54.5 ug (0.145 zmoles), from Step 5 (1010 c.p.m.) and 29.9 mg of nonradioactive riboflavin were dissolved in 1 ml conce 
trated HCl (dilution of radioactivity = 1:548). The solution was diluted with 10 ml of water, the crystals formed were collected by 
filtration, washed with water and dried in a vacuum. Yield: 27.3 mg. 4 

4 Calculated on the basis of concentration before dilution with nonradioactive riboflavin. 
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